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Abstract

Theta oscillations of the mammalian amygdala are associated with processing, encoding and retrieval of aversive
memories. In the hippocampus, the power of the network theta oscillation is modulated by basal forebrain (BF) GABAergic
projections. Here, we combine anatomical and computational approaches to investigate if similar BF projections to the
amygdaloid complex provide an analogous modulation of local network activity. We used retrograde tracing with fluorescent
immunohistochemistry to identify cholinergic and non-cholinergic parvalbumin- or calbindin-immunoreactive BF neuronal
subgroups targeting the input (lateral and basolateral nuclei) and output (central nucleus and the central bed nucleus of the
stria terminalis) regions of the amygdaloid complex. We observed a dense non-cholinergic, putative GABAergic projection
from the ventral pallidum (VP) and the substantia innominata (SI) to the basolateral amygdala (BLA). The VP/SI axonal
projections to the BLA were confirmed using viral anterograde tracing and transsynaptic labeling. We tested the potential
function of this VP/SI-BLA pathway in a 1000-cell biophysically realistic network model, which incorporated principal
neurons and three major interneuron groups of the BLA, together with extrinsic glutamatergic, cholinergic, and VP/SI
GABAergic inputs. We observed in silico that theta-modulation of VP/SI GABAergic projections enhanced theta oscillations
in the BLA via their selective innervation of the parvalbumin-expressing local interneurons. Ablation of parvalbumin-, but
not somatostatin- or calretinin-expressing, interneurons reduced theta power in the BLA model. These results suggest that
long-range BF GABAergic projections may modulate network activity at their target regions through the formation of a
common interneuron-type and oscillatory phase-specific disinhibitory motif.

Keywords Basal forebrain - Amygdala - Cholinergic - GABAergic - Computational model - Oscillation

Introduction and Antal 1988; Zaborszky et al. 1999, 2015; Mascagni and

McDonald 2009; Muller et al. 2011; McDonald et al. 2011;

Cholinergic, GABAergic, glutamatergic, and peptidergic
neuronal groups in the basal forebrain (BF) innervate a wide
array of cortical areas and subcortical limbic regions, includ-
ing the hippocampal formation and the amygdaloid complex
(Mesulam et al. 1983; Frotscher and Léranth 1985; Freund
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Agostinelli et al. 2019). Among these, the roles of medial
septal cholinergic and GABAergic innervation of the hip-
pocampus are well characterized in several cognitive func-
tions and in generating hippocampal oscillatory rhythms
(Frotscher and Léranth 1985; Freund and Antal 1988; Pang
et al. 2001; Buzsdki 2002; Xu et al. 2004; Yoder and Pang
2005; McNaughton et al. 2006; Roland and Savage 2009;
Hangya et al. 2009; Vega-Flores et al. 2014; Roland et al.
2014; Kiraly et al. 2023). The BF also sends equally dense
projections to the amygdaloid complex originating from
the ventral pallidum (VP) and the substantia innominata
(SI) (Carlsen et al. 1985; Mascagni and McDonald 2009;
McDonald et al. 2011; Agostinelli et al. 2019; Fu et al.
2020). However, neither the mechanistic role of BF projec-
tions in causing amygdala oscillations nor its role in the
affective processes orchestrated by the amygdaloid complex
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are well understood. Here, we adopted a two-pronged
approach to characterize the anatomical structure and func-
tional role of the BF innervation of the amygdaloid complex.
We initially performed retrograde labeling and immunohis-
tochemical characterization of BF neurons that project to
various nuclei of the amygdala and to the bed nucleus of
stria terminalis (BNST). Subsequently, we confirmed the
VP/SI to BLA connectivity using viral anterograde tracing.
Once we revealed the major source of cholinergic and non-
cholinergic innervation of the amygdaloid complex, we used
this information to develop a biophysically realistic amyg-
dala network model to test the role of BF in the emergence
of basolateral amygdala (BLA) network activity and theta
oscillations in silico.

A subpopulation of GABAergic neurons located in the
VP and SI target the basal (BL); and to a lesser degree, the
lateral (LA), basomedial, and the central nuclei (CeA) of the
amygdaloid complex, as well as the BNST (Carlsen et al.
1985; Mascagni and McDonald 2009; McDonald et al. 2011;
Mongia et al. 2016; Agostinelli et al. 2019). The cholinergic
to non-cholinergic ratio of the BLA-projecting BF neurons
is estimated to be approximately 3:1 (Carlsen et al. 1985),
with the GABAergic neurons making up at least 10% of the
complete projections (Mascagni and McDonald 2009). The
organization and function of non-cholinergic BF afferents
in the limbic system have largely been explored within the
context of the hippocampus. Septo-hippocampal GABAergic
projections exclusively target GABAergic interneurons in the
hippocampus (Freund and Antal 1988; Unal et al. 2015b),
driving the local theta oscillations by forming interneuron
type- and time/oscillatory phase-specific disinhibitory
circuits with pyramidal neurons (Téth et al. 1997; Yoder and
Pang 2005; Hangya et al. 2009; Kiraly et al. 2023). As with
the septo-hippocampal GABAergic neurons, a large majority
of VP/SI GABAergic amygdalopetal neurons form synapses
selectively with GABAergic interneurons in the amygdala
(McDonald et al. 2011). This suggests that BF GABAergic
projections that target different limbic structures may possess
shared structural features and circuit-level functions (T6th
et al. 1997; Unal et al. 2018). BF GABAergic innervation
of the BLA may follow a synchronized rhythmic pattern
(Hegediis et al. 2021), as observed in the septo-hippocampal
GABAergic neurons that exhibit individual theta-range
rhythmicity (Varga et al. 2008; Hangya et al. 2009), as well
as behavioral state dependent phase-coupling to the network
oscillation in the target region (King et al. 1998; Joshi et al.
2017; Unal et al. 2018; Espinosa et al. 2019; Joshi and
Somogyi 2020; Kocsis et al. 2022).

Based on the anatomical commonalities between
the septo-hippocampal GABAergic projections and
the amygdaloid complex-targeting VP/SI GABAergic
neurons, we theorize that BF GABAergic neurons serve a
common function in all downstream limbic structures via
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the formation of similar interneuron-type and oscillatory
phase-specific disinhibitory circuits (T6th et al. 1997,
Yoder and Pang 2005; Hangya et al. 2009). As with septo-
hippocampal GABAergic projections being integral to
diverse hippocampal functions and to the underlying
network activity, we postulate that the VP/ST GABAergic
innervation of the BLA is essential for regulating
amygdaloid computations (Sah and Westbrook 2008;
Shin and Liberzon 2010) and associated theta oscillations
implicated in fear learning (Pape and Driesang 1998; Pape
et al. 1998; Seidenbecher et al. 2003; Lesting et al. 2011;
Stujenske et al. 2014; Davis et al. 2017).

Here, we report findings from an anatomical-
computational investigation of this theory. First, we
have identified and quantified parvalbumin (PV)- or
calbindin (CB)-immunoreactive (4) putative GABAergic
or glutamatergic, and choline acetyltransferase (ChAT)-
immunoreactive cholinergic BF neuronal subgroups
that target the input (LA and BL) and output (CeA and
BNST) centers of the amygdaloid complex. Based on these
findings and previous anatomical data, we then developed
a 1000-cell biophysical computational BLA network model
that incorporated principal neurons and three different
interneuron groups (Hummos and Nair 2017; Feng et al.
2019). The model featured rhythmic GABAergic and non-
rhythmic cholinergic BF afferents, along with constant
excitatory thalamic/cortical inputs. We used this model
to investigate the contribution of BF projections to the
generation of network oscillations within the BLA, a key
nucleus situated at the core of the widely recognized fear
circuit (Sah and Westbrook 2008; Shin and Liberzon 2010).

Materials and methods
Neuroanatomical experiments
Animals

Adult male Wistar rats (280-380 g; n=15) were housed
in standard cages with ad libitum access to food and water
under controlled laboratory conditions (21 + 1 °C; 40-60%
humidity; 12:12 day/night cycle, lights on at 8:00 AM). All
experimental procedures were approved by the Bogazigi
University Institutional Ethics Committee for the Use of
Animals in Experiments (BUHADYEK) and carried out by
licensed personnel.

Stereotaxic surgery and retrograde tract-tracing

Animals were anesthetized with either intraperitoneal (IP)
injections of ketamine (80 mg/kg)—xylazine (13.3 mg/



Brain Structure and Function (2025) 230:30

Page30of30 30

kg) (retrograde tracing experiments) or isoflurane (4% for
induction, 1-2% for maintenance). Following induction
of anesthesia, a local anesthetic (Vemcaine, 10%) and
a povidone-iodine solution were applied to the shaved
forehead before placing the animal in the stereotaxic frame
(Kopf Instruments, USA). A homeothermic heating pad was
used to monitor and maintain the body temperature at 36 °C.
Craniotomies were performed above the anterior—posterior
(AP) and medial-lateral (ML) coordinates of the target
nuclei.

For retrograde tracing, red (diluted in saline by 1:2,
volume =200 nl) and green (undiluted, volume =200 nl)

fluorescent latex microspheres (Retrobeads, Lumafluor
Inc., USA) were injected into the LA (AP=-2.80, ML =
+5.30, DV =-7.30), BL (AP=-2.80, ML = +4.60,
DV =-8.20), CeA (AP=-2.40, ML = +4.20, DV =-8.00),
and the central BNST (¢cBNST) (AP=-0.48, ML = + 1.40,
DV =-6.00) (Paxinos and Watson 2007); Fig. 1A-B). In
each animal, we injected one color of Retrobeads into one
of the amygdaloid nuclei (LA, BL or CeA), while the other
color of tracer was injected into the cBNST in the same
hemisphere. Injections were performed unilaterally. The
right and left target hemispheres were counterbalanced. The

Fig. 1 Retrobeads injections
and resulting retrograde labeling
in the basal forebrain and
preoptic nuclei. A, B Injection
sites targeting the amygdala
nuclei (A) and the cBNST (B).
C-F Brightfield photographs of
representative injections in the
LA (C), BL (D), CeA (E) and
¢BNST (F). G-J Donut charts
demonstrating the percent-

age of LA (G), BL (H), CeA
(I) and cBNST (J) targeting

neurons in the observed basal
forebrain and preoptic nuclei.
K-M Fluorescent micrographs
of retrogradely labeled neurons
with red (K) or green (L) Ret-
robeads. ac anterior commis-
sure, BL basolateral amygdala,
¢BNST central bed nucleus of
stria terminalis, CeA central
amygdala, DB nucleus of
horizontal limb of the diago-
nal band of Broca, ic internal
capsule, LA lateral amygdala,
LPO lateral preoptic area, MPO/ G
MPA medial preoptic nucleus/
area, S/ substantia innominata,
VP ventral pallidum

%
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tracers (green or red Retrobeads) were also counterbalanced
for each target region.

For anterograde tracing, AAV9-CaMKIla-hM4D(Gi)-
mCherry (250 nl, 1 x 10'3 vg/ml, Addgene plasmid # 50,477,
bilateral injection, n=4) or AAV1-hSyn-EGFP-cre (250 nl,
1x10"3 vg/ml, Addgene plasmid #105,540, unilateral
injection, n=2) were injected into the VP (AP =-0.20,
ML= +2.5, DV=-7.80) or SI (AP=-1.00, ML = +2.50,
DV =-8.10), (Paxinos and Watson 2007); Fig. 4A-B). AAV
serotype 1 (AAV1) causes robust anterograde transsynaptic
expression, enabling visualization of downstream synaptic
targets of regionally specified starter cells (Zingg et al.
2022). Here, we injected AAV1-hSyn-EGFP-cre into the
VP to transsynaptically label downstream neurons in the
amygdala.

All injections were made with a microinjection syringe
pump and a 1 pL micro-injection syringe (Hamilton,
NV, USA). Each tracer injection took 5 min (40 nl/m for
Retrobeads and 50 nl/m for viral tracing), after which the
syringe was maintained at the target location for 10 min
before retrieval to minimize dorsal diffusion. Once the
incision was sutured, a local analgesic (Anestol pomade, 5%
lidocaine and Jetokain, 5 mg/kg) was applied to the cranial
surface before the animal was removed from the stereotaxic
apparatus. The animals underwent a 5-day post-surgical
recovery period in order to ensure maximal axonal transport
of the Retrobeads or a 14-day post-surgical recovery period
to allow optimal viral-driven expression of fluorescent
proteins.

Perfusion-fixation and tissue preparation

Following the recovery period, animals were deeply anes-
thetized with the ketamine (80 mg/kg)—xylazine (13.3 mg/
kg) mixture (IP), and perfused transcardially with 0.9%
saline and 4% depolymerized paraformaldehyde (PFA) in
0.1 M PBS. Removed brains were post-fixed in the same
fixative solution for 24-48 h at 4 °C. They were thor-
oughly rinsed following post-fixation and transferred to

Table 1 Primary antibodies

0.1 M PB for slicing. Serial 60—80 um thick coronal sections
were obtained using a Leica VT 1000S vibratome (Leica
Microsystems, Germany).

Immunohistochemistry

We conducted immunofluorescence labeling as described
previously (Unal et al. 2015b; Akmese et al. 2023; Kingir
et al. 2023). PBS with 0.3% Triton X-100 (PBS-TX) was
used in all solutions and rinsing procedures to achieve
tissue penetration. Coronal sections were rinsed 3 times
(10 min each) in PBS-TX, followed by 1 h blocking at room
temperature (RT) in 20% Normal Horse Serum (NHS) or
Normal Goat Serum (NGS), depending on the secondary
antibody. The sections were then incubated for 72 h at 4 °C
in PBS-TX containing the primary antibodies and 1% NHS/
NGS (refer to Table 1 for primary antibodies). Following
3x 10 min of rinsing, the sections were incubated in the
secondary antibody solution containing 1% NHS/NGS
in PBS-TX for 4 h at RT. Sections were subsequently
mounted and cover-slipped using methyl salicylate (Sigma-
Aldrich, MO, USA) and examined using an epifluorescence
(Olympus BX43) or confocal microscope (Leica SP8, Leica
Microsystems).

Retrogradely labeled neurons were tested for different
molecules listed in Table 1. Immunoreactivity for PV,
CB, or AT-rich sequence-binding protein-1 (SATB1) was
examined to identify non-cholinergic, putative GABAergic
or glutamatergic neurons. ChAT immunoreactivity was
assessed to identify cholinergic neurons, and Leu-enkephalin
was used as a regional marker for VP (Fig. 1B). We used
the following secondary antibodies: goat anti-rabbit Alexa
Fluor 405 (1:250; A31556, Invitrogen), donkey anti-rabbit
Alexa Fluor 488 (1:250; ab150073; Abcam), donkey anti-
goat Cy3 (1:250; 705-165-147; Jackson ImmunoResearch
Laboratories), donkey anti-goat DyLight650 (1:1000,
ab96938, Abcam).

Sections from each brain were stained with DAPI or cre-
syl violet to facilitate histological identification of injection

Molecule Host species Dilution Source, catalogue # Immunogen

CB Mouse 1:1000 Swant, 300 Purified calbindin

CB Rabbit 1:1000 Swant, CB38 Recombinant rat calbindin D-28 k

ChAT Goat 1:500 Chemicon (Merck), ab144p Human placental ChAT

Leu-enkephalin Rabbit 1:1000 Abcam, ab22619 Synthetic peptide corresponding to Leu-
enkephalin conjugated to keyhole limpet
haemocyanin

PV Rabbit 1:2000 Abcam, ab11427 Purified parvalbumin

PV Rabbit 1:5000 Swant, PV27 Purified parvalbumin

SATB1 Goat 1:1000 Santa Cruz, sc-5989 N-terminus of human SATB1
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sites and cytological differentiation of the BF nuclei. DAPI
staining was performed by incubating sections in the DAPI
solution (1:2000, D3571, ThermoFisher) for 10 min. The
sections were rinsed in PBS 3 times (10 min each) at RT. For
cresyl violet staining, the sections were mounted on slides
3 days before the procedure and incubated for 1 min at 40 °C
immediately before the staining. Slides were transferred
through 100% ethanol (EtOH) (2 min), two sets of xylenes
(2 min each), 100% EtOH (2 min), 70% EtOH (2 min), 20%
EtOH (2 min), dH20 (1 min), cresyl violet solution (0.5 g
cresyl violet acetate and 15 ml acetic acid in 500 ml dH20,
15 min), differentiation solution containing 70% EtOH and
10% acetic acid (10 s), differentiation solution containing
100% EtOH and 10% acetic acid (10 s), 100% EtOH (5 min)
and two set of xylenes (5 min each). Slides were then cover-
slipped using Entellan new (Merck) mounting medium and
examined under a light microscope.

Microscopy

The initial observations were conducted utilizing Olympus
cellSens Imaging Software v2.2 on an epifluorescence
microscope (Olympus BX43) equipped with a monochrome
CCD camera (Olympus XM10). The images were obtained
with 4x (Plan Apochromat, N.A.=0.02, Nikon), 10x (Plan
Fluor, N.A.=0.30, Nikon), and 20x (Plan Fluor, N.A.=0.50,
Nikon) objective lenses. The 4 X objective lens was used for
histological analysis, and 10 X and 20 X objective lenses were
used to locate retrogradely labeled neurons in the target
basal forebrain nuclei. Four fluorescent filter sets (for DAPI,
Alexa Fluor 488, Cy3, and Cy5) were used for the detection
of Alexa Fluor 405 fluorophores and DAPI, Alexa Fluor 488
fluorophores and green Retrobeads, Cy3 fluorophores and
red Retrobeads, and DyLight 650 fluorophores respectively.

Following wide-field microscopic observations,
multichannel fluorescence images were acquired with a Leica
SP8 confocal microscope (Leica Microsystems, Wetzlar,
Germany) using the LAS X software (Leica Microsystems)
at a minimum pixel resolution of 1024 X 1024. The images
were obtained with 20x (Plan Fluotar, N.A.=0.4, dry, Leica
Microsystems) or 40x (Plan Apochromat, N.A.=1.10,
water-immersion, Leica Microsystems) objective lenses.
We employed four distinct lasers with wavelengths of 405,
488, 552, and 638 nm, along with PMT or HyD sensors,
to visualize the fluorescence signal. The pinhole size was
configured to 1 Airy unit. In the acquisition of z-stacks, the
z-stack step size was set at half the optical section thickness.
Post-acquisition brightness and contrast adjustments were
performed uniformly on the whole image using the “FIJI”
distribution of the ImagelJ software (Schindelin et al. 2012).
No non-linear or selective image adjustments were made on
the acquired images.

Anatomical quantification

Retrogradely labeled neurons were manually counted in
every other coronal section containing the labeled basal
forebrain or preoptic nuclei. Observations and counting
were made in the ventral pallidum, substantia innominata,
horizontal diagonal band (hDB), lateral preoptic nucleus
(LPO), and hypothalamic medial preoptic nucleus/area
(MPO/MPA). Neuron quantification in the rostral-most parts
of the extended amygdala was included in the SI. Cell counts
were added together to obtain a total labeled neuron value
for each region of interest. Normalized counts were derived
by dividing the total number of labeled somata quantified in
each nucleus by the number of observed sections. A similar
quantification method was followed for the immunolabeled
neurons. For each section, we counted all the cell bodies that
were immunoreactive for a molecular marker in each region
and noted the number of neurons that showed colocalization
with Retrobeads. For each BF nucleus, we then calculated
the percentage of neurons expressing each tested molecular
marker among the observed retrogradely labeled neurons
projecting to the LA, BL, CeA or the cBNST. Drawings
depicting the distribution of labeled neurons in the BF were
made with a camera lucida. All figures were created using
Adobe Illustrator (v 25.0).

We analyzed the normalized fluorescence intensity of
anterogradely labeled axonal fibers using the FIJI distribution
of Imagel] software (Schindelin et al. 2012). Specifically,
we measured the fluorescence intensity of VP/SI axonal
fibers within the LA, BL, the lateral CeA (encompassing
the capsular [CeAc] and lateral [CeAl] subdivisions), and
the medial CeA (CeAm) in both hemispheres. Fluorescence
intensity is reported in arbitrary units (AU). Data from
both hemispheres were pooled for statistical analyses. To
compare the normalized density of VP/SI axonal fibers
across amygdala subnuclei, we performed a Student’s t-test.

The density of transsynaptically labeled neurons was
quantified along the rostrocaudal axis in serial sections
spaced 250 pm apart. Neuronal counts were conducted in the
LA, BL, the lateral division of the CeA (CeAc and CeAl),
and CeAm. Linear regression analysis was used to evaluate
changes in neuronal density along the rostrocaudal axis.

Model implementation
BLA network model

A 1000-neuron network model of the BLA was developed to
investigate the potential role of the dense non-cholinergic,
putative GABAergic projection, originating from the VP/SI
and targeting the input nuclei of the basolateral amygdala,
namely the LA and BL. The model incorporated our
observations and previous reports on the synaptic parameters
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of the intrinsic (within BLA) and extrinsic (afferents to
the BLA) connectivity. All parameters were derived from
available rat or mouse amygdala data. The model was
developed using the Allen Institute’s Brain Modeling Toolkit
(BMTK) with the NEURON 7.7 simulator (Carnevale and
Hines 2006), with a fixed time step of 0.1 ms. Verification
of network connectivity parameters and plot generation
were performed using the Python package BMTools. For
the analysis of neuron power spectral density (PSD) and
frequency, we computed spectrums utilizing the Welch
Periodogram method (pwelch in MATLAB). Subsequent
analyses and plot generation were performed using standard
Python codes. The complete model is accessible for
download on GitHub at https://github.com/tjbanks/Amygd
alaTheta.

Single cell models

For computational modelling, we used the most
parsimonious model that sufficiently explains the phenomena
explored (Bassett et al. 2018). We modeled two types of
principal neurons (PNs) and the three most populous groups
of GABAergic interneuron that have been connected to local
oscillations in the amygdala. The resulting network was able
to reproduce relevant in vitro and in vivo properties of the
BLA as described later.

The principal neurons (n=800) were divided into two
electrophysiological subtypes as Type A (adapting; PN,)
(n=569) and Type C (continuous; PN) (n=231). These
model cells were adapted from our prior work (Feng et al.
2016, 2019). The three major groups of interneuron consist
of (1) PV + Basket cells (n=93), (2) calretinin (CR +)
interneurons that often co-express vasoactive intestinal
polypeptide (VIP) (Mascagni and McDonald 2003) and
include interneuron-specific interneurons (Rhomberg
et al. 2018) and small cholecystokinin (CCK)-expressing
cells (n=56), and (3) somatostatin (SOM)-expressing
interneurons that include neurogliaform cells (NGFC;
n=>51). The proportion of each neuronal group (56.9% PN,,
23.1% PN, 9.3% PV +interneuron, 5.6% CR + interneuron,
and 5.1% SOM + interneuron) was derived from previous
reports (McDonald and Mascagni 2001; Mascagni and
McDonald 2003; McDonald 2020). The parameters of single
cell models are listed in Table 2.

Principal neurons had three compartments: soma
(diameter 24.75 um, length 25 pm), a proximal dendrite
(diameter 3 pm; length 270 um), and an apical dendrite
(diameter 5 pm; length 555 pum) to match passive
properties. The specific membrane resistance, membrane
capacity, and cytoplasmic (axial) resistivity values were
as follows: R, =40+ 5 kQ-cm?, C,,=2.4 uF/cm?, and
R, =150 Q-cm. The leakage reversal potential (E;) was
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set to —75 +4 mV. This configuration resulted in a resting
membrane potential (V) of =66 +4 mV for both types
A and C cells. The input resistance (Ryy) was 140 +20
MQ and 360 +20 M£, and time constant (z,,,) was ~30 ms
and ~ 20 ms, for Type-C and Type-A cells, respectively.
These values fell within the reported ranges observed
in physiological studies (Washburn and Moises 1992).
The soma and dendrite compartments had the following
currents: leak (/;), voltage-gated persistent muscarinic
(Iyy), high-voltage activated Ca>* (Ic,), spike-generating
sodium (/y,), potassium delayed rectifier (Ipg), A-type
potassium (/) (Li et al. 2009; Power et al. 2011), and
hyperpolarization-activated nonspecific cation (/) current.
In addition, the soma exhibited a slow apamin-insensitive,
voltage-independent afterhyperpolarization current (/5 yp)
(Power et al. 2011; Alturki et al. 2016). The axonal
compartments had the following currents: leak (/; ), high-
threshold sodium (I, ), low-threshold sodium (I, ¢)
and potassium delayed rectifier (Ipg) (Hu et al. 2009). PNs
exhibited adaptation characteristics, modulated by the
magnitude of the Ca?*-dependent K* current, set at either
50 mS/cm? for Type A or 0.2 mS/cm? for Type C (Kim
et al. 2013). PN models were equipped with features for
low- and high-threshold oscillations, designed to closely
replicate physiological parameters (Pape et al. 1998; Li
et al. 2009; Kim et al. 2013; Feng et al. 2016).

The PV + interneuron model contained two
compartments: a soma-axon (diameter 15 pum; length
15 pm) and a dendrite (diameter 10 pm; length 150 um).
Each compartment contained a fast Na™ (I,) and a delayed
rectifier K* (Ipg) current.

The passive membrane properties of PV + interneurons
were characterized by a specific membrane resistance (R,,)
of 20 + 1 kQ-cm?, a membrane capacity (C,,) of 1 uF/cm?,
and distinct cytoplasmic resistivities (R,) for the soma
(3375 Q-cm) and dendrite (150 -cm). The resulting V_
was —70 mV, input resistance (Ryy) was 371 M, and time
constant (7,,) was 20 ms. The resulting current injection
responses fell within the ranges reported in earlier reports
(Faber et al. 2001; Sah et al. 2003; Rainnie et al. 2006).

The CR +and SOM + interneuron models contained
three compartments: a soma-axon (diameter 10 um; length
20 um) and two dendrites (diameter 3 um; length 250 um).
Each compartment contained persistent Na + (/y,p), potas-
sium delayed rectifier current (/xpg), voltage-gated persis-
tent muscarinic current (fy;), and transient sodium channel
(Ina)- In addition, the CR + interneuron contained I-cal-
cium current, fast Na+ (Iy,), h channel ({), and voltage-
independent afterhyperpolarization current (I ,yp). The
CR + interneuron model exhibited a membrane resistance
of 80 + 1 kQ-cm?, membrane capacity of 1 uF/cm?, and
a compartmental resistance was 150 Q-cm. The result-
ing V. was —60 mV, input resistance (Ryy) was 321
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ME, and time constant (z,,) was 20 ms, as documented
in earlier work (Kawaguchi and Kubota 1996; Porter
et al. 1998; Caputi et al. 2009). The passive membrane
properties of the SOM + interneurons were as follows:
Rm =80+ 1 kQ-cm?, C,,= 1.3 yF/cm* and R, =150 Q-cm.
The resulting V., was —70 mV, input resistance (Ryy) was
290 M, and time constant (z,,) was 19 ms. These val-
ues were within the ranges reported for SOM-containing
interneurons (Karagiannis et al. 2009; Sosulina et al. 2010;

Fanselow and Connors 2010).
Intrinsic and synaptic currents

The dynamics for each compartment (soma-axon or
dendrite) followed the Hodgkin-Huxley formulation as
previously described (Kim et al. 2013) in Eq. 1,
C,dV,/dt=—g, (V,—E. ) —g.(V, = Vy) = Y 1™ M I" +1,

cur,s cur,s inj>

(H

where V,/V, are the somatic/dendritic membrane potential

mV), I™ and I2"  are the intrinsic and synaptic currents
ynap

Ur.s cur,s
in the ségg, 1;,; is the electrode current applied to the soma,
C,, is the membrane capacitance, g; is the conductance of
the leak channel, and g, is the coupling conductance between
the soma and the dendrite (similar term added for other
dendrites connected to the soma). The intrinsic current Ié’;’r »
, was modeled as IV = g, m"h?(V, — E,,), where g, is
its maximal conductance, m its activation variable (with
exponent p), h its inactivation variable (with exponent g),
and E,,, its reversal potential (a similar equation is used for
the synaptic current I;;,, ; but without m and h). The kinetic

equation for each of the gating variables x (m or h) takes
the form

dx _ xoo(V, [Ca“]i) - X
TR CATTON

@

where x_, is the steady state gating voltage- and/or Ca’t-
dependent gating variable and 7, is the voltage- and/or
Ca”*- dependent time constant. The equation for the dendrite
follows the same format with ‘s’ and ‘d’ switching positions
in Eq. 1.

Excitatory transmission was mediated by AMPA and
NMDA receptors, while inhibitory transmission was
modeled via GABA , receptors. The corresponding ionic
currents were modeled by dual exponential functions
(Destexhe et al. 1994; Durstewitz et al. 2000), as shown in
Eqgns. 3-5,

Lippa =W X Gaprpy X (V - EAMPA)
Gampa = 8ampamax X Fampa X S(V) X Tpppa

Fampalc = aTmax,ppy X ON 4ppq X (1 — Tapmpa ) = Bampa X Tappas

3

@ Springer

Brain Structure and Function (2025) 230:30
Tnppa =W X Gyppa X (V - ENMDA)
Grmpa = 8nmpamax X Fympa X (V) X ryypa
"nmpafc = aTmaxyypy X ONyypy X (1 -7 NMDA) = Bympa X T'nmpas
€]
rapadc = aTmaxgapa, X ONgapa, )

X (1 - GABAa) = PGasaa X TGaBAG»

where V is the membrane potential (mV) of the postsynaptic
compartment (dendrite or soma), I is the current injected
into the compartment (nA), G is the synaptic conductance
(uS), w is the synaptic weight (unitless), and E is the
reversal potential of the synapse (mV). g, ... is the maximal
conductance (uS), F implements short-term plasticity, and r,,
determines the synaptic current rise and decay time constants
based on the terms aTmax and B (Destexhe et al. 1994).
The voltage-dependent variable s(V) which implements the
Mg?* block was defined as s(V)=[1+0.33 exp(—0.06 V)]
(Zador et al. 1990). The terms ONyp4 and ON,,,p4 Were set
to 1 when the corresponding receptor was open, and 0 when
it was closed. Reversal potential, rise/decay time constants,
and conductance for the model were derived from previously
published data (Thomson and Deuchars 1997; Galarreta and
Hestrin 1997; Mahanty and Sah 1998; Porter et al. 1998;
Weisskopf et al. 1999; Feng et al. 2019). Synaptic weights
(w) for all connections followed a log-normal distribution
with a cutoff set at three times the mean to avoid non-
physiological values. The parameters for ionic currents are
detailed in Table 3.

Intrinsic connectivity

The neuronal composition of the BLA network model
comprised 56.9% PN, (n=569), 23.1% PN (n=231),
9.3% PV + interneurons (n=93), 5.6% CR + interneurons
(n=56) and 5.1% SOM + interneurons (n=51). The PNs
possess mutual connections with all interneuron groups.
PV +interneurons target somata of the PNs, as well as
the SOM + interneurons and other PV + cells, but not the
CR + group. CR + interneurons form inhibitory synapses on
all other neuron groups, similar to PNs. SOM + interneurons,
in contrast, only target PNs and avoid the other groups
(Fig. 5A). The probability of unidirectional or reciprocal
synaptic connections between PNs and interneurons was set
to 16%. Axonal conduction delay was distance-dependent
using a conduction velocity of 500 pm/ms. Synaptic
connectivity parameters are listed in Table 4.

Extrinsic connectivity
The network model integrates thalamic/cortical glutamater-

gic afferents to the BLA, cholinergic innervation from the
basal forebrain, and GABAergic afferents from the VP/SI.
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Table 3 Ionic current parameters

Current Gating variable o 8 X T, (ms)
, p=3 —0.4(V+30) 0.124(V+30) _a 0.6156
[Na exp[—(V+30)/7.2]-1 exp[(V+30)/7.2]-1 a+f at+p
— —0.03(V+45) 0.01(V+45) 1 0.6156
exp[—(V+45)/1.5]-1 expl(V+45)/1.5]-1 exp| (V+50)/4]+1 a+p
IKdr p=1 exp[—0.1144(V + 15)] exp[—0.0801(V + 15)] I 5044
exp[(=V-15)/11]+1 l+a
= exp[0.0832(V + 75 exp[0.0333(V + 75 — 1 s
112 l ( )l Pl ( )l exp[(V+81)/8]+1 0.0081(1+a)
K3 p=2 0.016 0.016 1 e
expl—(V+52.7)/23] expl(V+52.7)/18.8] exp[(=V=52.7)/103]+1 a+p
ICa3 p=2 - - exp[(—V—ISO)/l 1]+ 7(v+z7.1)245 25
e"P[T]”*P[T]
=] - - B S 420
exp[(V+12.6)/18.9]+1
=1 - - -1 2.5+ 14 % - 40|/1
INap4 poms Ty S5+ exp[ |V +40|/ 0]
; -y 0.0048 0.012 _a 48
[SAHP oXp[=Slogg(1Calp)—175] expl2log;o([Cal;)+20] atp
p=3 —0.182(V+30) 0.124(V+30) 1
INal.25 exp[—(V+30)/7]—1 expl(V+30)/7]-1 a+p
=7 —0.024(V+50) 0.0091(V+75) 1 1
exp[—(V+50)/5]—1 expl(V+75)/5]-1 exp[(V+72)/6.2]+1 a+p
Nl p=3 —0.182(V+43) 0.124(V+43) o b
Nal.63 exp[—(V+30)/6]—1 exp[(V+30)/6]-1 a+p a+p
=7 —0.024(V+50) 0.0091(V+75) 1 1
exp[—(V+50)/5]-1 expl(V+75)/51-1 exp[(V+72)/6.2]+1 a+p
=3 Ra(V+15) Rb(—V—15) _a 1
[NaT6 P 1 exp[~(V+15)/7.2] 1 exp[—(-V—15)/7.2] «th ath
=7 RA(V+30) Rg(—V—30) 1+ 1 1
1— exp[—(V+30)/1.5] 1—exp[—(=V-30)/1.5] exp[(V+35)/4] a+p
=2 15.69(—V+81.5) v _a 1
[CaL6 P exp[=(V+81.5)/10]—1 0.29 * expl 10.86] atp atp

Table 4 Synaptic connectivity parameters

Overall Unidirectional Bidirectional
connectivity
PN to PN 2% 1.96% 0.04%
PN to PV 26.82% 11.24% 15.58%
PN to SOM 31.19% 29.17% 2.01%
PN to CR 18.43% 16.41% 2.02%
PV to PN 52% 36.42% 15.58%
PV to PV 22.92% 17.41% 5.50%
PV to SOM 9.80% 9.80% -
SOM to PN 6.57% 4.55% 2.01%
CR to PN 11.59% 9.57% 2.02%
CR to PV 29.70% 29.70% -
CR to SOM 75.25% 75.25% -

Additionally, uncorrelated stochastic background input is
applied to all model cells.

Input 1: thalamic/cortical glutamatergic afferents We mod-
eled the thalamic and cortical glutamatergic afferents of the
BLA as independent 2 Hz Poisson trains, which were deliv-
ered to the PNs, SOM + interneurons and CR + interneurons
(Fig. 5A). Given the limited thalamic/cortical glutamatergic
input received by PV +neurons (Smith et al. 2000) and the
absence of any impact on model outcomes upon the removal

of this connection, the schematic figures omit this ineffec-
tive connection.

Input 2: cholinergic innervation The cholinergic inner-
vation was simulated by changing the relevant synaptic
conductance values, following prior work (Hummos et al.
2014). Three levels of cholinergic tone were modeled: low
acetylcholine (ACh) (0), baseline ACh (1), and high ACh
(2). For affected synapses, the synaptic current was multi-
plied by a factor as listed below, for both i, and ig4p4. For
example, in the case of i,,,,, we get Eq. 6 below (replace
ampa with GABA for the inhibitory synapses),

lampa =1

ampa * (1 +bACh * (ACh - 1)) (6)

Here, b,¢;, and ACh together control the strength and sign
for the various cholinergic conditions. For instance, an ACh
value of 2 allows b ¢, to influence i,,,, positively, to make
no change with ACh=1, and to influence i, negatively
with ACh=-0.2. The specific b,, values (same for all
ACh cases) and the corresponding synapses were as follows:
0.3 for all the background synapses (to PNs, and PV +,
SOM + and CR + interneurons), 0.3 for PV +interneuron-PN
and VP/SI-PN, 0.4 for SOM + interneuron-PN and
CR +interneuron-PN, and 0.3 for VP/SI-PV + interneuron
synapses.

@ Springer
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Input 3: VP/SI GABAergic rhythmic innervation The rhyth-
mic GABAergic input from VP/SI was modeled by using
previously described methods (Fink et al. 2015). The input
was assigned a specific frequency, and each cell exhibited
“jitter” in its response to the input, simulating intercellular
variability. Jitter was Gaussian normal distributed (N) for
each cell, with zero mean and SD o-fl.[ o The time of the jth
event of neuron i was given by:
£ =T +N(0.02,, ) )
A total of 893 afferent cells were designed to individually
exhibit independent 2 Hz Poisson activity. The afferents
project onto 800 PN and 93 PV +interneurons with an
average convergence of 1 and 10.1 cells, respectively
(McDonald et al. 2011). Two states were considered for
these afferents. In the baseline or non-modulated state,
each afferent was independent at 2 Hz as above. For the
theta-modulated state, the firing rate of the afferents were
modulated with a sine wave:

rlt] =A x (sin(2 % & x f =)+ ¢p) + off, 8)

where A = lo—ﬁrl f is the frequency, ¢ is a vector representing

time, ¢ is thde phase, off is the offset firing rate of the spike
train being modulated and 0 <d < 1 is the depth of
modulation which represents the amplitude of the sine wave
relative to off . We used a depth of modulation 0.7. To
generate the spike train, a random vector x[t] was generated
with values uniformly distributed between 0 and 1. A spike
was generated if x[7] < r[t]dr where dt in our case was 0.1.

For experiments with theta-modulated VP input, jitter
was applied at 8 Hz. For all other experiments, no jitter was
applied, and the VP input was 2 Hz Poisson.

Input 4: background input to all cells In order to replicate
the membrane potential fluctuations observed in vivo, we
implemented a point conductance input directly onto the
soma, simulating stochastic background synaptic activity
through the Ornstein—Uhlenbeck process (Destexhe et al.
2001). Specifically, stochastic background input had two
independent components, excitatory and inhibitory, for PN
and PV +, SOM +, and CR + cell groups, as modeled previ-

Table 5 Parameters of short-term plasticity

ously by our group (Feng et al. 2019). Conductance values,
mean (SD), for excitatory and inhibitory inputs for the cell
groups were as follows (in mS): PN,: 0.0032 (0.003), 0.021
(0.008); PN: 0.0032 (0.003), 0.021 (0.008); PV: 0.00121
(0.00012), 0.00573 (0.00264); SOM: 0.00121 (0.00012),
0.00573 (0.00264); CR: 0.0032 (0.003), 0.021 (0.008).

Conduction delays

Conduction delay D between two connected cells was
calculated in a distance-dependent manner using Eq. 9:

Vi =)'+ (=) + (@ -a)” o
AV

D=

where (x;,¥,2;) and (x,,y,,2,) are the coordinates of the
pre- and post- synaptic neurons, respectively. Ay is the
axonal conduction velocity (0.5 m/s).

Short-term plasticity

Model AMPA and GABA synapses exhibited short-term
synaptic plasticity. As in our prior model (Feng et al.
2019) we used previous reports (Mahanty and Sah 1998;
Ali and Thomson 1998; Silberberg et al. 2004; Silberberg
and Markram 2007; Minneci et al. 2007; Woodruff and Sah
2007; Fanselow et al. 2008; Cauli et al. 2014; Riedemann
2019) to model short-term depression and facilitation in the
synapses (see Table 5).

Short-term plasticity was implemented by F (for
facilitation) in Eqns. 3-5. It was calculated as follows:
t_F % dF/dt =1—F and was constrained to be>1. A
constant f was determined f (> 1) to represent the amount
of facilitation per presynaptic action potential reported in
experimental studies. F was then updated after each stimulus
as F— F*f. Between stimuli, F recovered exponentially
back towards 1. The same approach was used for synapses
with depression, except the constant d (instead of f) had
two factors d1 and d2 with d1 being fast and d2 being slow
subtypes, and d=d_1%*d_2. It was also constrained to be > 1.

Connection Type: depressing (D) or ~ Parameter value  tauF D1/D2 Time
facilitating (F) DorF constants
tauD1/tauD2
PN to PN, PN to PV+, PV+to PN, PV+to PV+,  Depressing D=0.7 20 0.95/0.9 40/70
SOM +to PV +, CR+to PN, SOM +to PN
PN to CR+, PN to SOM + Facilitating F=1.5 150 171 40/70

@ Springer
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LFP calculation

The extracellular mechanism in NEURON was used to
calculate the transmembrane currents of each compartment
(Carnevale and Hines 2006; Parasuram et al. 2016). This
was then used to calculate the extracellular potential @pp
as follows:

I h*+r>—h
ng = lo
droAs V22— 1

where I denotes the transmembrane current from that
compartment, As the length of the line compartment, r the
radial distance from the line, % the longitudinal distance from
the end of the line, and [ = As + /& the distance from the start
of the line (Parasuram et al. 2016). We chose conductivity
o of the extracellular medium as 0.3 S/m (Goto et al. 2010;
Einevoll et al. 2013). These extracellular potentials were
then summed across compartments (Lindén et al. 2014) at
0.5 ms resolution, to obtain the LFP as &, rp,, using Eq. 11,

/1,2 2
Iy; th_ + ™, T hN[
Trohs, O .
o Asy 12 2
N; lNi +VNi _ZN[

1D
where N; denotes i compartment of N™ neuron in the
network. We scaled the LFP using a factor of 1000 to
match the in vivo data, following the procedure in our
prior amygdala model (Feng et al. 2019). The structure of
the network was unchanged for the different model runs,
including the ablation experiments, and so the same scale
factor was used across the cases to ensure valid comparison
of LFP characteristics.

) (10)

N_neurons n_source

Brrps = Z 2

N=1 i=1

Entrainment to LFPs

We determined the theta phase preference, or entrainment,
of individual neuronal groups by bandpass filtering the LFPs
in the 4-12 Hz band. For this purpose, we used a 2 pole
Butterworth filter implemented with the MATLAB function
filtfilt. This function performs forward and backward
filtering to minimize phase distortions. Subsequently, we
computed the Hilbert transform of the filtered LFP signal to
detect the phase and amplitude at each instant (Amir et al.
2018). This procedure was utilized for each spike of each
neuron to calculate the neuronal group firing probability
across the BLA theta oscillation.

Computational experiments

We initially performed six computational experiments,
labeled as Cases 1-6, in order to characterize the roles of
BLA afferents in creating and modulating the theta rhythm.
Each simulation run lasted 15 s, of which only the last 10 s
were retained to avoid transients in the initial part. Each case
was run with 10 random seeds and the averaged results are
reported as mean and SD.

Case 1 (Baseline VP/ST GABA + Baseline ACh) refers
to the baseline BLA network state with 2 Hz Poisson input
from the thalamic/cortical afferents, a 2 Hz non-modulated
Poisson input from the VP/SI GABAergic neurons, and a
baseline cholinergic tone (ACh=1). Case 2 (Theta-modu-
lated VP/SI GABA + Baseline ACh) is the same as Case
1, but included theta-modulated VP/SI GABAergic inputs.
Case 3 (Theta-modulated VP/SI GABA + High ACh) is the
same as Case 2, but with an increased cholinergic tone. Case
4 (Theta-modulated VP/ST GABA + Low ACh) is the same

Table 6 Number and proportion

Target Location Cells tested for Cells tested for Cells tested for
of retrogradely labeled PV +, PV CB ChAT
CB +and ChAT + neurons
N PV+ (%) N CB+ (%) N ChAT + (%)
LA VP 97 5 5.2 65 0 0.0 61 18 29.5
SI 31 0 0.0 73 5 6.8 24 7 29.2
hDB 89 0 0.0 80 1 1.3 61 8 13.1
BL VP 49 2 4.1 47 10 21.3 42 20 47.6
SI 40 3 7.5 46 3 6.5 29 13 44.8
hDB 18 0 0.0 26 0.0 16 7 43.8
CeA VP 118 0 0.0 90 7 7.8 59 9 153
SI 304 3 1.0 270 20 7.4 70 11 15.7
hDB 65 1 1.5 68 3 4.4 24 5 20.8
cBNST VP 13 0 0.0 6 0 0.0 16 2 12.5
SI 98 0 0.0 142 9 6,3 22 4 18.2
hDB 101 0 0.0 145 0.7 65 13 20.0
Total 1023 14 14 1058 59 5.6 489 117 239

@ Springer
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as Case 2, but with a decreased cholinergic tone. Case 5
(Baseline VP/SI GABA + High ACh) is the same as Case
1, but with an increased cholinergic tone. Case 6 (Baseline

Fig.2 Confocal microscopic images of retrogradely labeled BF neu-
rons (green or red) tested for ChAT (orange), PV (magenta) and CB
(cyan) immunoreactivity. Arrows and arrowheads respectively point
to retrogradely labeled neurons immunopositive or immunonegative
for tested biomarker molecules. A Confocal microscopic tile-scan
image showing dense labeling of Leu-enkephalin fibers in the VP.
B-D LA-targeting neurons (B) tested for ChAT (C). Two retrogradely
labeled ChAT +neurons (D) are enlarged in the inset. E-H BL-tar-
geting neurons (E) tested for PV (F) and ChAT (G). One of the two

@ Springer
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VP/SI GABA + Low ACh) is the same as Case 1, but with a
decreased cholinergic tone.

labeled PV +neurons (H) is enlarged in the inset. I-L. CeA-targeting
neurons (I) tested for CB (J) and ChAT (K), showing one CB +and
one ChAT +retrogradely labeled neuron. M—P cBNST-targeting neu-
rons (M) tested for CB (N) and ChAT (O), showing one CB +and
one ChAT +retrogradely labeled neuron. Scale bars: A 200 um; B—
D 40 um; D inset, 20 ym; E-H 20 pm; H inset, 10 pm; I-L 15 pm;
M-P 20 pm. ac anterior commissure, 2ZDB nucleus of horizontal limb
of the diagonal band of Broca, SI substantia innominata, VP ventral
pallidum
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In another set of experiments, we sequentially inactivated
the individual BLA interneuron groups to investigate their
relative contributions to the peak theta power under Case 3
(rhythmic VP/SI GABAergic and high level of cholinergic
input). This was done by disconnecting the efferent connec-
tions of the inactivated neuron group, which elevated the fir-
ing rates of the PNs. Consequently, we decreased the back-
ground input to the PNs to restore their firing rate to baseline
levels, ensuring a fair comparison between the experiments.
For instance, when PV +interneurons are inactivated, the
firing rates of thalamic/cortical projections to PNs are modu-
lated to restore the average firing rates of PN, and PN cell
groups to baseline levels of 0.45 and 0.6 Hz, respectively.

LA-projecting

Results
Neuroanatomical investigation
Basal forebrain innervation of the amygdala and the cBNST

Histological assessment revealed that the surgeries resulted
in successful local injections into the target nuclei with
negligible dorsal or medial/lateral diffusion of Retrobeads
to the neighboring regions (Fig. 1A-F). Retrobeads were
retrogradely transported into the cell bodies localized
in different brain regions, following injections into the
amygdaloid complex (Fig. 1A) and the cBNST (Fig. 1B).
The target amygdaloid nuclei and the cBNST received
projections of varying density from several basal forebrain
and preoptic nuclei (Fig. 1G-J). We have examined each
nucleus of the BF and neighboring preoptic regions for
retrogradely labeled neurons, and consistently observed
sufficient labeling in the VP, SI, hDB, LPO, and MPO/MPA,

CeA-projecting cBNST-projecting

BL-projecting

Fig.3 Distribution and proportion of retrogradely labeled neurons
in the observed basal forebrain nuclei. A—-H Schematic maps depict-
ing LA (A, E), BL (B, F), CeA (C, G) and cBNST (D, H) target-
ing neurons tested for PV and ChAT (A-D) or CB and ChAT (E-H).
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Labeled cells in neighboring structures are omitted. I-L Percentage
of PV (magenta), CB (cyan) and ChAT (orange) immunopositive
cells within the tested LA (I), BL (J), CeA (K) and cBNST (L) tar-
geting neurons
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«Fig. 4 Anterograde and transsynaptic tracing of VP/SI projections to
the amygdaloid complex. A AAV9-CaMKIla-hM4D(Gi)-mCherry
viral vector injection site in the ventral pallidum (VP). B Schematic
showing spread of viral expression shown in panel (A). C-H VP
mCherry-labeled neurons were tested for CB, PV, or ChAT immu-
noreactivity. Arrows indicate overlaps. I Transsynaptically labeled
amygdala neurons following injection of AAV1-hsyn-EGFP-cre into
VP/SI. J Innervation of the basolateral and central amygdala nuclei
by mCherry +axonal fibers following injection of AAV9-CaMKIla-
hM4D(Gi)-mCherry into VP/SI. Calbindin immunolabeling delin-
eates the borders of the capsular (CeAc), lateral (CeAl) and medial
(CeAm) subdivisions of the central amygdala (cst: commissural stria
terminalis). Scale bars: A 400 um; C-H 50 pm; I 500 um; J 500 pym

irrespective of the injection site. Overall, we quantified 8485
basal forebrain neurons projecting to the LA (1243 cells
from n=23 animals), BL (795 cells from n=4 animals), CeA
(3040 cells from n=2 animals), and the cBNST (3407 cells
from n=9 animals).

The LA, BL, and CeA received the densest basal
forebrain input from the SI (39% of labeled cells for the
LA, 41% for the BL, and 43% for the CeA; Fig. 1G-1).
Ventral pallidum constituted the second largest source
of BF innervation for the amygdaloid nuclei (26% of
labeled cells for both the LA and the BL, and 13% for
the CeA, Fig. 1G-I). The LA-projecting neurons were
predominantly located in the basal forebrain nuclei (87%)
with sparse labeling in the LPO (7%) and MPO (6%). Basal
forebrain innervation of the BL followed a similar pattern:
relatively dense SI (41%) and VP (26%) projections were
followed by axonal projections originating from the
LPO (13%), hDB (10%) and MPO/MPA (9%). Neurons
projecting to the CeA were primarily located in the SI
(43%), while the CeA received projections of relatively
similar density from the MPO/MPA (17%), hDB (15%),
and VP (13%). The most concentrated projections directed
towards the cBNST, in contrast to the amygdaloid nuclei,
predominantly originated from the MPO/MPA (56% of
labeled cells; Fig. 1J). This was followed by projections
from the LPO (14%), hDB (12%) and SI (12%), with a
comparatively lower density of connections from the VP
(6%; Fig. 1J). Notably, the majority of the SI neurons
targeting the cBNST were localized in the dorsal portions
of SI.

We observed several instances of proximal labeling
of red and green beads (Fig. 1K-M). However, only
2 out of 8485 neurons were co-labeled with both red
and green tracers in their cell bodies in the hDB. This
observation indicates that amygdala-targeting BF axons
rarely bifurcate to form connections with the cBNST,
corroborating findings from previous studies (Bienkowski
and Rinaman 2013; Mongia et al. 2016). It is important
to note that observations in this work were focused on the
basal forebrain and surrounding preoptic nuclei, and there

may be extra-BF neurons that project both to the cBNST
and different amygdaloid nuclei.

Neurochemical characterization of the retrogradely labeled
basal forebrain neuronal groups

Neurochemical profiles of the retrogradely labeled BF
neurons were identified with immunohistochemistry for
ChAT and biomarker molecules that are localized in
subpopulations of non-cholinergic, putative GABAergic or
glutamatergic neurons. We tested a total number of 2172
neurons that were labeled in the VP, SI, or hDB following
Retrobeads injections into the LA (435 neurons from 2
animals), BL (226 neurons from 2 animals), CeA (915
neurons from 2 animals) and the cBNST (596 neurons from
6 animals) for PV (1023 neurons), CB (1058 neurons),
ChAT (489 neurons) or SATB1 (91 cells) immunoreactivity
(Table 6).

Our observations revealed that, overall, ChAT-
immunopositive neurons constituted 23.9% of all amygdala-
or cBNST-targeting basal forebrain neurons in the VP, SI
and hDB. Specifically, 1.4% of the examined basal forebrain
neurons projecting to the LA, BL, CeA, or cBNST showed
immunoreactivity for PV, while 5.6% of all tested basal
forebrain projection neurons displayed CB immunoreactivity
(Table 6). None of the retrogradely labeled neurons showed
immunoreactivity for SATB 1. Furthermore, no instances of
double labeling were observed for PV and ChAT or CB and
ChAT in any of the double-labeled sections.

We established that a significant proportion of neurons
projecting to amygdaloid nuclei or the cBNST were
immunopositive for ChAT (Table 6), irrespective of their
location or target region. The BL received the densest
cholinergic projection with 46.9% of all BL-projecting VP,
SI and hDB neurons showing immunoreactivity for ChAT
(47.6% in the VP, 44.8% in the SI, 43.8% in the hDB). This
was followed by LA- (overall 22.6%; 29.5% in the VP, 29.2%
in the SI, 13.1% in the hDB), cBNST- (overall 18.4%; 12.5%
in the VP, 18.2% in the SI, 20.0% in the hDB), and CeA-
projecting (overall 16.3%; 15.3% in the VP, 15.7% in the
SI, 20.8% in the hDB) ChAT + BF neuronal subpopulations.

The immunohistochemical investigations (Fig. 2B-P,
Table 6) further revealed that 5.25% of LA-projecting neu-
rons and 4.1% of BL-projecting neurons in the VP were
immunoreactive for PV. Interestingly, none of the tested LA-
projecting SI neurons were PV-immunopositive. In contrast,
7.5% of the BL-targeting SI neurons were PV + (Figs. 2E-H,
3A-D, I-L). We did not observe any PV +LA- or BL-pro-
jecting neurons in the hDB. Within the CeA-projecting basal
forebrain neurons, approximately 1% of labeled cells in the
ST and 1.5% in the hDB were immunopositive for PV, while
no PV + CeA-targeting neurons were observed in the VP.
In contrast to the amygdala-targeting BF neurons, which

@ Springer



30 Page 16 of 30 Brain Structure and Function (2025) 230:30
g 90 IS NSNS S S DN - e - -———— -~
’ \\\
Thalamic/Cortical \‘
Glutamatergic Input 1
[
[
[
[
[
[
[
[
[
[
1: baseline (2 Hz) .
2: rhythmic (8 Hz) ) :
I [
I [
I [
I [
i - I
Bas_al F0|:ebra|n Proportional to all cells }—». :
Cholinergic Input I I
0: low 3 H
1: baseline \ /
2: high AN The Basolateral Amygdala (BLA) s
* g \\~ —’/
S — —_—
Glutamatergic GABAergic Cholinergic
PNa & PNc C PV
40 1000 40 1000
a0 - 800 7 - 800
E e T 2
\w— _20_ '600 % \q: _20_ '600 %
o =4 <)) =
8 407 L400 = S -0 - 400 5
S -60- 2 2 .60 >
200 200
-80- - -80
-100 T T T 0 -100 T T T (]
0 100 200 300 400 500 0 100 200 300 400 500
Time (ms) Time (ms)
D SOM E CR
40 1000 40 1000
0 L 800 207 L 800
S 04 2] S 0+ Y
c c
E L 600 3 E . L 600 3
20 3 20 a
e S ] S
g -40 = g -40- =
. 400 = = - 400 =
S -60- e S -60- Z
200 200
-80 -80-
-100 T T T 0 -100 I T T 0
0 100 200 300 400 500 0 100 200 300 400 500
Time (ms) Time (ms)

Fig.5 Extrinsic and intrinsic synaptic connectivity of the BLA net-
work model, and single unit activity. A Schematic showing the syn-
aptic connectivity of the BLA network model with principal neurons
(PN) and the three most populous BLA interneuron groups: the par-
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involved a PV + subpopulation, no cBNST-projecting neu-
ron in any of the observed nuclei (VP, SI, and hDB) showed
immunoreactivity for PV.

We subsequently tested the retrogradely labeled
basal forebrain neurons for CB immunoreactivity and
observed retrogradely labeled CB-immunopositive cells
in several nuclei (Fig. 3E-L, Table 6). Most significantly,
CB + neurons constituted 21.2% of all projections to the BL
originating from the VP and 6.5% of those originating from
the SI. Similarly, 6.8% of LA-projecting SI neurons were
immunopositive for CB. No labeled LA-projecting cell in the
VP was CB-immunopositive. In the hDB, a minimal fraction
of LA-projecting neurons displayed immunopositivity for
CB (1.3%), and none among BL-projecting neurons was
CB +. Small subsets of CeA-projecting neurons in all tested
nuclei express CB (7.8% in the VP, 7.4% in the SI, 4.4%
in the hDB). The cBNST-targeting CB + basal forebrain
neurons were mostly localized to the SI with CB + neurons
making up 6.3% of the cBNST-projecting-neurons in
SI. Virtually no other cBNST-projecting BF neuron was
immunopositive for CB (0.0% in the VP, 0.7% in the hDB).

A subpopulation of non-cholinergic SATB1-positive
neurons has been identified in the hDB (Huang et al. 2011).
We observed that a substantial portion (40%) of basal
forebrain neurons targeting the cBNST were situated in the
hDB. To investigate whether these neurons, identified as non-
cholinergic SATB1 + neurons (Huang et al. 2011), project
to the cBNST, we examined SATB1 immunoreactivity in
cBNST-targeting basal forebrain neurons (n=91). However,
we did not observe any immunopositive neurons in the VP,
SI, or the hDB.

These findings collectively unveil a dense non-cholinergic
projection originating from the ventral pallidum and
substantia innominata to the LA and BL nuclei of the
amygdala. The neuronal population within the basal
forebrain nuclei is known to encompass glutamatergic,
GABAergic, and peptidergic neurons (Zaborszky et al.
1999), including neurons with the ability to co-express
and corelease these neurotransmitters and acetylcholine
(Nickerson Poulin et al. 2006; Saunders et al. 2015; Granger
et al. 2016; Takécs et al. 2018). Our results demonstrate that
the neurochemical diversity observed in the basal forebrain
extends to the substantial BLA-targeting projection of the
VP/SI. Indeed, similar to the septo-hippocampal projections,
a subset of these ChAT-negative neurons expressing PV is
likely to be GABAergic. This suggests that the GABAergic
VP/SI projection to the BLA may play a pivotal role in
modulating local network activity, akin to the GABAergic
septo-hippocampal innervation (Hangya et al. 2009; Kiraly
et al. 2023). In the subsequent computational investigation,
we explored the potential role of this VP/SI GABAergic
projection to the BLA using a biophysically realistic network
model.

Anterograde tracing of VP/SI projections to the amygdala

We conducted a series of anterograde and transsynaptic viral
labeling experiments to ensure that the retrograde tracing
results were not due to the retrograde tracer being taken up
by passing fibers. Viral spread was histologically assessed
in each experimental animal. In all cases, whether using
AAV9-CaMKIIa-hM4D(Gi)-mCherry (n=4) or AAV1-
hSyn-EGFP-cre (n=2) injections, viral expression was
confined to both the VP (rostrolaterally) and the SI (caudo-
medially), with minimal spread into neighboring structures
(Fig. 4A-B). The projection patterns observed were nearly
identical across all animals, so the data for each viral vector
were pooled as VP/SI injections before analysis.

We observed that CamKIla promoter-driven mCherry
expression was present in some, but not all, CB+, PV +,
and ChAT + VP neurons (Fig. 4C-H). In all animals,
dense axonal projections were observed in the BL and the
medial subdivision of the CeA (CeAm), with no significant
difference in fluorescence intensity between the BL
(M=82.81+17.43 AU) and the CeAm (M =70.80+17.27
AU; #(14)=1.384, p=0.188). However, when compared
to the BL, significantly less prominent yet consistent
mCherry-labeled BF axons were detected in the LA
(M=29.41+9.99 AU; 1(14)=7.518, p<0.001; Fig. 4J).
Interestingly, amygdala-projecting BF axons seemed to
provide very sparse innervation to the capsular (CeAc) and
the calbindin-rich lateral/intermediate (McDonald 1997)
subdivision (CeAl), which showed significantly less axonal
innervation (M =16.71+6.49 AU) compared to the CeAm
(1(14)=8.292, p <0.001). In the BL, some mCherry-labeled
VP/SI axonal boutons were observed in apposition to the
somatic or dendritic compartments of CB + interneurons.
These findings highlight the regional variability in VP/SI
axonal projections within the amygdala.

Transsynaptic labeling using AAV1-hSyn-cre-EGFP
(Zingg et al. 2022) further corroborated these findings.
Consistent with the axonal intensity data, numerous
EGFP + somata were detected in the BL (M =131.87+27.58
cells/mm?) and CeAm (M =104.7263 +53.63 cells/
mm?) following VP/SI injections (Fig. 4I). Fewer labeled
neurons were observed in the ventromedial portion of
the LA (M =28.67+ 18.53 cells/mm?) and the lateral
division of the CeA (M =27.61+26.05 cells/mm?).
Transsynaptically labeled neurons were distributed across
the entire rostrocaudal extent of the BLA and CeA. To
evaluate rostrocaudal distribution trends in each subnucleus,
we performed linear regression analyses. Results showed
that neuron density in the BL remained relatively stable
along the rostrocaudal axis (R2=0.325, F(1, 6)=2.883,
p=0.140). In contrast, significant decreases in neuronal
density along the anterior-to-posterior axis were found
in the LA (R*=0.567, F(1, 6)=7.867, p=0.031), CeAl
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«Fig. 6 Single cell firing properties under different experimental cases.
A Representative spike raster plots of model amygdala principal neu-
ron and interneuron groups during a 300 ms period. B Histogram
plots of the firing rates of different amygdala principal neuron and
interneuron groups. Inset legends list firing rates (mean, SD, in Hz) of
different neuronal groups

(R>=0.742, F(1, 6)=17.260, p=0.006), and CeAm
(R2 =0.748, F(1, 6)=17.780, p=0.006). Furthermore,
sparser transsynaptically labeled neurons were identified in
the medial and basomedial amygdala nuclei as well as in the
intra-amygdaloid division of the BNST.

Computational investigation and predictions
Development and validation of the BLA network model

We developed a biologically realistic, conductance-based
network model of the amygdala that incorporated relevant
cell types, as well as known ion channel and synaptic neuro-
physiology. Building on our previous model of the amygdala
(Feng et al. 2016, 2019), we introduced single-cell models
for two additional cell types—SOM + and CR + neurons—
and connected them via synapses, with all properties derived
from biological sources. The extrinsic inputs, intrinsic syn-
aptic connectivity of the BLA network model, and sample
current injection plots for different cell groups are shown
in Fig. 5. Synapses between PNs and PV +interneurons,
as well as between PNs and SOM + or CR + interneurons,
exhibited connection-specific short-term synaptic plasticity
(Table 5). The model was fine-tuned to replicate baseline
firing rates reported in the literature (refer to Materials and
Methods).

Finally, we confirmed that both the VP/SI GABAergic
input rhythmicity (2 Hz vs. 8 Hz) and varying cholinergic
tones (low, baseline or high level) produced the reported
spread in single unit activity patterns of the BLA neuronal
groups (Fig. 6).

VP/SI GABAergic and BF cholinergic projections
differentially modulate BLA dynamics

After validating the BLA network model by assessing
baseline unit activity, we explored how extrinsic inputs
influenced network dynamics and theta oscillations. In all
the model cases discussed below, the network configuration
and parameters were consistently maintained, with the only
adjustments being changes in synaptic weights between
specific connections (refer to Materials and Methods).

In the baseline scenario (Case 1), characterized by a VP/
SI input of 2 Hz random Poisson without modulation, no
rhythmic firing was observed among the BLA cell groups
(Fig. 6). Introducing modulation in Case 2 initiated rhyth-
micity, which further intensified in Case 3 with the High
ACh state. However, theta power diminished with sup-
pressed cholinergic tone in Case 4 (theta-modulated VP/SI
GABA with Low ACh). BLA theta oscillation was entirely
abolished in Case 5 (Baseline VP/SI GABA with High ACh)
and Case 6 (Baseline VP/SI GABA with Low ACh), which
incorporated baseline, non-rhythmic VP/SI inputs (Fig. 6).

To further characterize the modulation of BLA theta,
we computed the PSD of the LFP to which PNs serve as
the primary contributors (Feng et al. 2019). The PSD plots
for PNs reflect the power contributed to specific frequency
bands by synchronous firing among these neurons (Fig. 7).
As hypothesized, the absence of rhythmicity in VP/SI
GABAergic inputs resulted in the absence of a detectable
theta peak in the PSD for the baseline case. However, when
rhythmicity was introduced in the VP/SI GABAergic input
in Case 2, theta became evident in the PSD plot (Fig. 7).
Increased cholinergic tone (Case 3) more than doubled
the theta power, while low cholinergic innervation (Case
4) decreased it below baseline levels (Fig. 7). We further
explored the impact of removing the rhythmic component
of the VP/SI input at both High (Case 5) and Low (Case 6)
ACh states. In both cases, we observed a considerable reduc-
tion in theta power, suggesting that cholinergic tone did not
influence oscillatory power in the theta band of the model,
in the absence of rhythmic VP/SI GABAergic input. Statisti-
cal results supported these observations, showing significant
effects of both the ACh level (F(2, 54)=925.1, p <0.0001,
2% 3 two-way ANOVA; Fig. 7C) and VP/SI GABAergic
modulation (F(1, 54)=3977, p<0.0001) on the peak theta
power, as well as a significant interaction between the effects
of cholinergic and GABAergic inputs (F(2, 54)=823.7,
p<0.0001).

We subsequently investigated the entrainment of various
cell groups to BLA theta using the Hilbert transform (see
methods). As anticipated, both types of PNs exhibited higher
spiking activity at the trough of the network theta when inhi-
bition waned (Fig. 8A). The raster plots on the right side
of Fig. 8A provide an estimate of the temporal spread of
entrainment. PV +interneurons spiked about 45° after the
trough, consistent with the majority of their drive origi-
nating from PNs. The SOM + interneurons followed them
and increased their firing rate around the peak of the theta
rhythm, while CR +interneurons were active in between
PV +and SOM +cells (Fig. 8A).

We observed that the VP/SI input did not synchronize
with network theta, as the LFP rhythm displayed fluctuating
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Fig.7 The PSD of the LFP for different experimental cases. A The
PSD of the six experimental cases over 10 network instantiations
across the 0—150 Hz band. B The PSD of the six experimental cases

frequencies over time due to intrinsic interactions among
various cell groups (Fig. 8A). An examination of theta
cycles in the LFP unveiled substantial variations in both
frequencies and amplitudes, as expected with intrinsic
connectivity, demonstrating a frequency variation of
8 +4 Hz. Consequently, the VP/SI afferents, characterized
by a narrow-band frequency of 8 + 1 Hz, did not show any
discernible phase preference. Cross-correlation estimates
(Fig. 8B) revealed that PNs precede PV +, SOM + and
CR +interneurons by 4.5, 6 and 6 ms, respectively. Also,
PV + cells were observed to precede SOM + cells by 3 ms.

Ablation of BLA interneuron groups selectively alters
network theta rhythm

We explored the relative contributions of each interneu-
ron group to BLA theta rhythm by individually inactivat-
ing them and documenting their effect on LFP theta under
Case 3, where the strongest peak theta power was obtained
(Fig. 9A). Results from model experimental runs were
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analyzed to calculate the firing rates of different neuron
groups in the three ablation cases. We found a significant
main effect of neuronal subtype ablations on the peak theta
power in the BLA (F(3, 36)=114.7, p<0.0001, one-way
ANOVA,; Fig. 9C). Post-hoc comparisons showed that the
PV +cells (#(36)=14.07, p <0.0001, Bonferroni corrected;
Fig. 9C) emerged as the primary interneuron subtype
responsible for LFP theta power in the BLA (Fig. 9B-C).
This is likely attributable to the predominant convergence
of afferent connectivity from VP/SI onto PV +interneurons
(Fig. 5). PV +interneurons, in turn, inhibit BLA principal
neurons, forming an oscillatory phase-specific disinhibitory
circuit. Ablation of PV + interneurons disrupts this rhythmic
disinhibition and reduces theta power in the BLA. In con-
trast, SOM + and CR + cells have minimal influence on LFP
theta activity (Fig. 9B-C).
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Discussion

The present study investigated the source and target nuclei
of the major non-cholinergic BF input to the amygdaloid
complex, identifying substantial PV 4 or CB + projections
from the VP/SI to the BLA. We subsequently tested the
potential function of these non-cholinergic projections
in a biophysically realistic BLA network model. Theta-
modulation of VP/SI GABAergic inputs to the BLA
facilitated local theta oscillations in the model, and the
theta power was further modulated by increased cholinergic
tone. Moreover, ablation of PV + interneurons in the BLA,
while correcting for PN baseline firing rates, resulted in a
significant reduction in theta rhythmicity within the BLA.
Network oscillations of the amygdala have been
implicated in emotional arousal, fear learning, and affective
memory processes (Paré and Collins 2000; Paré et al. 2002;
Seidenbecher et al. 2003; Lesting et al. 2011; Stujenske
et al. 2014; Davis et al. 2017). Several recent studies have
established a connection between the synchrony of these
oscillations across different brain regions and aversively
motivated behavior (Karalis et al. 2016; Totty and Maren
2022; Totty et al. 2023). The septo-hippocampal GABAergic
projection, the best-studied subcortical GABAergic
projection in terms of its relationship to target-region
LFP, modulates theta and supra-theta oscillations in the
hippocampus (Hangya et al. 2009; Kiraly et al. 2023). The
network model findings in the present study indicate that
another BF-limbic system connection, namely the VP/SI
GABAergic projections to the BLA, may play a similar role
in driving local network theta oscillations in the amygdala.

Non-cholinergic innervation of the basolateral
amygdala

The neuroanatomical experiments revealed that there are
at least two different subpopulations of non-cholinergic
projection neurons in the VP/SI that target different subnuclei
of the amygdaloid complex. The PV +and CB + putative
GABAergic or glutamatergic projection neurons collectively
constituted around 25% of BL-projecting VP neurons
and 14% of BL-projecting SI neurons. Moreover, our
observations indicated a lower ratio of BL-targeting basal
forebrain cholinergic neurons across various subnuclei
compared to early reports, which suggested a ratio of up
to 3:1 (Carlsen et al. 1985). In contrast to these earlier
findings, another study utilizing Retrobeads in mice reported
a cholinergic to non-cholinergic ratio among BL-projecting
nucleus basalis of Meynert neurons closer to 64:36 (Aitta-
aho et al. 2018). Specifically, in the VP and SI, we observed
that approximately 45-48% of BL-targeting neurons were

ChAT +, suggesting an approximate 1:1 ratio of cholinergic
to non-cholinergic ratio amongst BL-targeting projection
neurons in the adult male Wistar rat.

The proportions of PV + projection neurons reported
in our study fall within the range of a previous report
suggesting that approximately 4—13.1% of the VP/SI neurons
targeting the BL are PV + (Mascagni and McDonald 2009).
We found that approximately 4.1% of BL afferents from the
VP, and 7.5% of those from the SI arise from PV + putative
GABAergic or glutamatergic neurons. It should be noted
that major subgroups of PV + VP projection neurons
targeting the lateral habenula and the ventral tegmental area
are glutamatergic (Knowland et al. 2017). Approximately
90% of PV +neurons in VP/SI are GAD + (Gritti et al.
2003), suggesting that some of the identified projection
neurons are GABAergic. However, there is currently no
conclusive evidence regarding the neurotransmitter profile
of basal forebrain PV + neurons projecting to the BLA. The
observation of PV + putative GABAergic VP/SI neurons
densely projecting to the BLA, along with previous reports
of selectively GABAergic BF-BLA projections (McDonald
et al. 2011), provided a foundational basis for constructing
a computational model of VP/SI-BLA innervation. It is
also important to highlight that we did not observe a single
instance of PV + projection neuron targeting the output
centers of the amygdaloid complex studied here, namely
the CeA or the cBNST.

In addition, we report a novel CB + VP neuronal
population projecting primarily to the BL (21.3% of VP
projections), and to a lesser extent, to the CeA (7.8%).
These CB + neurons were immunonegative for ChAT,
indicating a putative GABAergic or glutamatergic
population of projection neurons. It is estimated that
only 5% of CB + neurons are GAD-immunoreactive in
the basal forebrain (Gritti et al. 2003), suggesting they
are predominantly glutamatergic. However, cortically
projecting CB + neurons exhibit earlier inhibitory
responses compared to excitatory responses, implying they
may provide long-range GABAergic projections that drive
disinhibition of cortical neurons in the medial entorhinal
cortex (Schlesiger et al. 2021). Thus, a subgroup of
amygdala-projecting CB + neurons may be GABAergic.
Additionally, it is possible that some of the identified
CB + projection neurons are glutamatergic, resembling
the cortical projection pattern observed in CB + BF
neurons (Gritti et al. 2003). BF vGluT2 + neurons have
also been reported to project to the amygdala (McKenna
et al. 2021), but the neurochemical profiles of these
neurons are unknown. Nevertheless, we showed that
putative GABAergic or glutamatergic CB + neurons
constitute a significant portion of the non-cholinergic
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«Fig.8 Theta phase-couplings and cross-correlograms of different
principal neuron and interneuron groups for Case 2. A Spike histo-
grams (left) and raster plots (right) depicting the theta-phase (sinusoi-
dal wave) relationships of the modeled amygdala neuronal subpopu-
lations and the VP/SI input. The frequency values were calculated
using a rolling window size of 3 values over the phase values. B
Coherence among amygdala neuronal groups

VP-amygdala projections. Unlike the CB + VP projection
neurons selectively targeting the BL and to a lesser extent
the CeA, CB + projection neurons in the SI were found to
uniformly innervate all observed nuclei of the amygdala.
The CB + projections from the SI to the LA, BL, CeA,
and cBNST exhibit a consistent CB + component, ranging
from 5.7% to 7.4%. These neurons make up another non-
cholinergic, putative GABAergic or glutamatergic (Gritti
et al. 2003; McKenna et al. 2021), pathway from the BF
to the amygdaloid complex.

Our observations of retrogradely labeled CeA-targeting
BF neurons were made following injections that covered
the medial (CeAm), lateral (CeAl), and capsular (CeAc)
CeA subdivisions. Both Aitta-aho et al. (2018) and Bara-
bas et al. (2024) show that the CeAm receives choliner-
gic input from the BF in mice. Our findings suggest that
the retrogradely labeled cholinergic BF cells primarily
project to the medial CeA, as our anterograde tracing
reveals significantly fewer axons in the capsular or lateral
subdivisions compared to the medial subdivision of the
central amygdala. Barabas et al. (2024) also report LA-
targeting retrogradely labeled BF cells in mice, though
this population appears much smaller than BL-projecting
BF neurons. Here, we show that a subpopulation of BF
neurons project to the LA in rats and report that approxi-
mately one third of LA-projecting BF neurons are ChAT
immunopositive. This result is line with numerous LA
neurons being cholinoceptive in the rat brain (McDonald
and Mascagni 2010, 2011). Thus, our retrograde tracing
results suggest that part of the cholinergic innervation
in the LA originates from the BF, while our anterograde
tracing shows relatively sparse but consistent BF axonal
projections to the lateral amygdala in rats. Small, targeted
anterograde tracer injections in the rat basal forebrain
could clarify the finer details of the topographical organi-
zation of the BF innervation of distinct nuclei within the
amygdaloid complex.

Altogether, these results show that the VP/SI projec-
tions to the BLA originate from a diverse set of neuronal
groups, comprising both cholinergic and non-cholinergic
cells. The similarity between the BLA-projecting VP/SI
neurons and the hippocampus-projecting neurons of the
medial septum, in terms of their neurochemical profiles
and synaptic selectivity, demonstrates a common circuit
motif between the BF and target limbic structures.

Common circuit motif in basal forebrain projections
to limbic structures

The robust VP/SI projection to the BLA, along with its
PV +and CB + subgroups, discovered in the present study
aligns with the extensive variety of previously identified BF
innervation observed in the amygdaloid complex (Carlsen
et al. 1985; Mascagni and McDonald 2009; McDonald
et al. 2011; Agostinelli et al. 2019; McKenna et al. 2021).
However, the role of the non-cholinergic component of
this versatile innervation on modulating network activity
was largely unexplored. A recent computational model
of the amygdala demonstrated that biophysically realistic
models can generate network rhythmicity at the theta band
with a minimal number of neurons (Cattani et al. 2023).
Consequently, in our 1000-cell BLA model, we examined
how the GABAergic VP/SI-BLA pathway, along with its
interaction with cholinergic projections, modulates the
local circuitry of the BLA, particularly concerning the
generation of network theta oscillations. This enabled us
to virtually test if the BF GABAergic innervation of the
amygdala would have a function similar to that of the BF
GABAergic innervation of another limbic structure, namely
the GABAergic septo-hippocampal pathway.

The BLA-projecting GABAergic neurons of the VP/SI
preferentially contact GABAergic interneurons (McDonald
et al. 2011), akin to the pattern observed in GABAergic
septo-hippocampal projections (Freund and Antal 1988;
Unal et al. 2015b). The interneuron-preference observed
in both the BF GABAergic projections implies a shared
neuroanatomical organization and suggests a common
mechanism involving the disinhibition of principal neurons
in their respective target structures. Notably, septo-
hippocampal connections are known to form oscillatory
phase-specific disinhibitory circuits within their target
hippocampal regions (Téth et al. 1997; Yoder and Pang
2005; Hangya et al. 2009; Unal et al. 2018). Likewise, our
computational model predicts that the interneuron-biased
connectivity from VP/SI to BLA leads to the entrainment
of BLA PV +neurons to the local theta rhythm (Fig. 7A).
The PV +cells, in turn, entrain the PNs to the rhythm by
providing them with windows of opportunity to fire, forming
a disinhibitory circuit similar to the one orchestrated by
the septo-hippocampal projections. Currently, there is
no conclusive in vivo evidence that theta rhythms can be
generated locally in the BLA. Thus, we do not rule out the
possibility that BLA theta oscillations may at least partially
originate from neighboring cortical structures and could be
influenced by volume-conductance. BLA theta oscillation
is not necessarily generated locally in vivo, but rather that
the modelled BLA system entrains sufficiently to theta in
the presence of theta-modulated BF GABAergic inputs.
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«Fig.9 In silico ablation experiments conducted for Case 3 (theta-
modulated VP/SI GABA+High ACh). A Schematic depiction of
PV + (magenta), SOM + (green) and CR + (blue) neuronal group abla-
tions. B The PSD of the four ablation cases over 10 network instan-
tiations across the 40—-120 Hz band. C Peak theta power at baseline
(Case 3), and after PV + ablation, SOM + ablation, or CR + ablation.
Error bars denote standard error of the mean

Therefore, our model indicates that if BLA can entrain to
theta oscillations in vivo, the basal forebrain projection
system—with its cholinergic and GABAergic components—
may be well-suited to drive such oscillations, similar to the
septo-hippocampal system.

The generation of a broad-band theta rhythm in the LFP
was largely dependent on the interaction between PNs and
PV +interneurons in our model. Notably, the excitatory
inputs to PV + cells, primarily originating from PN, play a
significant role in modulating the theta rhythm, as illustrated
in Fig. 8. At the circuit level, the broad-band theta rhythm
results from several interconnected factors. An important
consideration was the relative strength of the drive from the
BF projections to BLA PV +neurons in comparison to the
strengths of the drives among the intrinsic BLA connections,
which add to the predictions of the model. For instance, we
found that gamma generating mechanisms (PN-PV + -PN
loop; Feng et al. (2019)) may need to be de-emphasized.
Another was the interactions among interneuron subtypes,
e.g., between SOM +and PV 4+ groups, which had to be
tuned (Feng et al. 2019). We note that the VP/SI afferents
exhibit a narrow-band theta frequency at 8 Hz with jitter (ISI
of 125 +25 ms). However, due to the local modulation of
BLA theta by PN-PV +interneuron interactions, the VP/SI
neurons lack a specific theta phase preference in LFP theta.

The phase preferences of various neuron groups within
a network model of the hippocampus (Mysin et al. 2019)
were shown to rely on specific afferents, and changes in
relative phase relationships were sensitive to the number
of afferents in the model. Thus, phase relationships can be
modified by a single afferent, possibly originating from an
unidentified source. In our amygdala network model (Fig. 5),
we limit afferents to those from the thalamic/cortical and
VP/SI regions, potentially neglecting other afferents (includ-
ing neuromodulatory) that may weaken the gamma rhythm
as indicated in the previous paragraph. This suggests that
our computational model could serve as a testbed to investi-
gate potentially unknown afferents during a particular brain
state, if experimental data regarding the phase preferences of
amygdala cells are available, akin to the approach employed
in hippocampal studies (Somogyi et al. 2014). In the abla-
tion experiments, we confirmed that the PV +cells, which
selectively receive most of the rhythmic VP/SI input, were
responsible for BLA theta power. In fact, the relative inhibi-
tory power of PV 4+ and SOM + interneurons may determine
theta power in the amygdala (Bratsch-Prince et al. 2024).

Functional significance of the basal forebrain
GABAergic modulation

The basal forebrain cholinergic innervation of the amygdala
has been studied extensively both in terms of its anatomical
specifications and its behavioral functions (Woolf and
Butcher 1982; Carlsen et al. 1985; Muller et al. 2011; Unal
et al. 2015a; Gielow and Zaborszky 2017; Lee and Kim
2019; Kellis et al. 2020; Crimmins et al. 2022; Bratsch-
Prince et al. 2024). As observed in the hippocampus (Lee
et al. 1994; Vandecasteele et al. 2014), an increase in
cholinergic tone in the BLA is associated with heightened
local theta activity, both in vivo (Aitta-aho et al. 2018) and
ex vivo (Bratsch-Prince et al. 2024). This suggests that BF
neuronal function may be causally linked to the behavioral
state-dependent theta oscillations in the amygdala. Likewise,
the hippocampal theta oscillations are well-correlated with
hippocampal functions like spatial navigation (Buzsaki
2005; Buzsaki and Moser 2013) and long-term memory
processes (O’ Keefe 1993; Buzsdki 2002). Local theta rhythm
of the BLA, as well as its synchrony with the hippocampus
and the prefrontal cortex, are associated with amygdala-
dependent fear learning and extinction (Seidenbecher et al.
2003; Lesting et al. 2011; Stujenske et al. 2014; Davis et al.
2017).

As in the hippocampus (Wulff et al. 2009; Amilhon et al.
2015; Chung et al. 2020), deficits or functional alterations
in amygdala PV +interneurons may underlie amygdala
oscillatory states (Amaya et al. 2024) or dysfunctions
in acquisition, extinction, or retrieval of fear memories
(Lucas et al. 2016; Davis et al. 2017; Krabbe et al. 2018;
Ozawa et al. 2020; Yau et al. 2021; Fu et al. 2022). Theta-
rhythmic VP/SI GABAergic inputs to the amygdala may
modulate network theta-dependent fear memory processes
by recruiting local PV +interneurons. Hence, normal
functioning of the PV + subpopulation may be required for
supra- or sub-threshold theta oscillations in the BLA.

These observations suggest that BF GABAergic innerva-
tion of the hippocampus and the amygdala may contribute to
memory processes led by these structures via similar mecha-
nisms. As in the case of the septo-hippocampal innervation
(Hangya et al. 2009; Kirdly et al. 2023), the GABAergic VP/
SI projection to the BLA may possess an overarching role
in regulating local network dynamics. Our biophysical BLA
network model tested this hypothesis in silico, providing
predictions related to the role of basal forebrain GABAergic
innervation in BLA network activity and theta oscillations.
By incorporating and fine-tuning state-related parameters,
the model has the potential to aid in the exploration of the
role of BF projections to the amygdala in the formation and
consolidation of emotional memories (Skirzewski et al.
2011; Davis et al. 2017; Ozawa et al. 2020), fear aversion
(Stephenson-Jones 2019; Stephenson-Jones et al. 2020;
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Farrell et al. 2021), or depressive-like behaviors (Skirzewski
et al. 2011; Akmese et al. 2023).

Conclusion

Based on the structural commonalities of basal forebrain
projections to the hippocampus and amygdala, as well as
the predictions from the BLA network model, we posit that
BF GABAergic projections serve a shared function across
all limbic areas they target. Specifically, the GABAergic
innervation from VP/SI to the BLA may be critical for
generating local network oscillations, including theta and
theta-modulated gamma rhythms, both of which are essential
for amygdala-dependent learning and memory processes
(Paré and Collins 2000; Paré et al. 2002; Seidenbecher et al.
2003; Lesting et al. 2011; Stujenske et al. 2014; Davis et al.
2017; Ozawa et al. 2020). These predictions await in vivo
testing to enhance our understanding of the mechanisms
underlying theta oscillations in the BLA and the role of
this network oscillation in amygdala-dependent behavioral
functions and dysfunctions.
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