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Neuroligin-2 Determines Inhibitory Synaptic
Transmission in the Lateral Septum to Optimize
Stress-Induced Neuronal Activation and
Avoidance Behavior
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ABSTRACT
BACKGROUND: Investigations in the neocortex have revealed that the balance of excitatory and inhibitory synaptic
transmission (E/I ratio) is important for proper information processing. The disturbance of this balance underlies many
neuropsychiatric illnesses, including autism spectrum disorder and schizophrenia. However, little is known about the
contribution of E/I balance to the functioning of subcortical brain regions, such as the lateral septum (LS), a structure
that plays important roles in regulating anxiety-related behavior.
METHODS: We manipulated E/I balance in the mouse LS by localized conditional deletion of neuroligin-2, a
postsynaptic cell adhesion protein located at gamma-aminobutyric acidergic synapses and important for inhibitory
synaptic transmission. We then performed analyses of synaptic transmission in the LS, stress-induced expression
of immediate early gene c-fos, and anxiety-related and depression-related behavior.
RESULTS: The absence of neuroligin-2 in the LS in the mature mouse brain resulted in postsynaptic impairment of
inhibitory synaptic transmission. Importantly, the reduced inhibition and resulting E/I imbalance decreased the
responsiveness of LS neurons to stress. Furthermore, this E/I imbalance in the LS was associated with impaired
stress-induced activation of downstream hypothalamic nuclei and reduced avoidance behavior of the animals in
the elevated plus maze.
CONCLUSIONS: Our results described the synaptic function of neuroligin-2 in the LS, uncovered a positive
association between c-Fos–expressing neurons in the LS and downstream hypothalamic areas and avoidance
behavior, and demonstrated that intact inhibitory synaptic transmission and proper E/I balance are required for the
optimal functioning of this subcortical circuit.
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The lateral septum (LS) is a subcortical forebrain structure that
is important for the regulation of affective behaviors, including
anxiety, aggression, social recognition, and food seeking (1–5).
The LS is composed of gamma-aminobutyric acidergic
(GABAergic) neurons, which receive cognitive and emotional
information from multiple brain regions and project to hypo-
thalamus and midbrain to control behavioral responses (6). In
particular, the LS receives dense projections from the hippo-
campus as part of the septo-hippocampal axis, which is
considered a major regulator of anxiety-related behavior (7–9).

Classically, the function of LS has been studied using
excitotoxic lesions or pharmacological manipulations (8,10,11).
More recently, optogenetic tools are being applied to dissect
its role in behavior (1,3,5). In contrast to the progress being
made in associating LS neuronal subpopulations with specific
behavioral functions, the molecules that organize excitatory
and inhibitory synapses within the LS have not been examined.
This information is crucial because balance of synaptic
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excitation and inhibition (E/I ratio) is important for optimal
functioning of neuronal circuits, as has been elucidated in the
neocortex (12,13). However, it is largely unknown which mol-
ecules modulate the E/I ratio in the LS and how alteration of
this ratio contributes to the ability of this brain region, and more
generally a subcortical circuit, to respond to salient experi-
ences and regulate behavior.

To address some of these major deficiencies in our under-
standing, we focused on the functional analysis of a synaptic
protein, neuroligin-2 (NL2), in the LS. NL2 belongs to a family
of postsynaptic cell adhesion proteins (NL1–NL4) that play
important roles in the developmental maturation and function
of synapses (14–16). NL2 is localized to GABAergic synapses
(17,18) and is selectively important for inhibitory synaptic
transmission, thus affecting E/I balance (19–21). The Nlgn2
gene is associated with schizophrenia, major depressive
disorder, autism spectrum disorder, and anxiety in human
patients (22–25). Constitutive NL2 knockout mice as well as
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knockin mice with a loss-of-function R215H mutation show
robust anxiety-related behavior (26–29). This makes it crucial
to study the function of NL2 in anxiety-mediating regions and
circuits of the brain, such as the LS. The investigation of NL2
function in the LS could also potentially elucidate how E/I
balance within its circuits determines affective behavior. In this
study, we used virus-mediated expression of Cre recombinase
to achieve conditional deletion of NL2 in the LS of Nlgn2fl/fl

mice. We present our results on the effect of the absence of
NL2 in the LS on synaptic transmission, local and target
neuron responsiveness to stress, and affective animal
behavior.

METHODS AND MATERIALS

Detailed methods and materials are described in the
Supplement. Briefly, floxed Nlgn2 (Nlgn2fl/fl) male and female
mice (B6;SJL-NL2tm1.1Sud/J, Stock No. 025544, RRI-
D:IMSR_JAX:025544; The Jackson Laboratory, Bar Harbor,
ME) were injected with adeno-associated virus (AAV) in the LS,
expressing green fluorescent protein (GFP)–tagged Cre
recombinase or GFP. All animal procedures were approved by
the Institutional Animal Care and Use Committee of the Uni-
versity of Oklahoma Health Sciences Center. Whole-cell patch-
clamp recordings were performed on infected neurons to assay
excitatory postsynaptic currents (EPSCs) and inhibitory post-
synaptic currents (IPSCs). For analyzing the responsiveness of
the neurons in the LS and hypothalamic nuclei to stress, mice
underwent a single 30-minute session of acute restraint stress
(ARS), which was followed by perfusion fixation of their brains
and immunohistochemistry on the vibratome sections using an
anti–c-Fos antibody. Anxiety-related and depression-related
behaviors were tested in mice using the elevated plus maze
(EPM), open field test (OFT), and tail suspension test (TST).
Statistical analyses were performed using Student unpaired t
test or two-way analysis of variance (ANOVA) with Bonferroni’s
multiple comparison post hoc test (as appropriate).

RESULTS

Conditional Deletion of NL2 in the LS Impairs
Inhibitory Synaptic Transmission

To obtain the deletion of Nlgn2 gene selectively in the LS in a
mature mouse brain, we injected AAV-expressing Cre recom-
binase in the LS of 4- to 5-week-old Nlgn2fl/fl mice and allowed
the viral expression for more than 6 weeks (Figure 1A, B). Ani-
mals injected with AAV expressing GFP were used as control
subjects. Accurate and selective targeting of the virus was
confirmed by observing the GFP signal, which was mostly
confined to the LS (Supplemental Figure S1). Viral expression of
Cre recombinase was present in the vast majority of neurons
(Supplemental Figure S2), leading to an efficient deletion of NL2,
as evidenced in the Western blot derived from LS lysates
(Figure 1C) as well as in the immunohistochemical staining of LS
sections (Figure 1D; Supplemental Figure S3). The deletion
remained confined to theLS, asNL2expressionwasunaltered in
the adjacent dorsal striatum, nucleus accumbens, and bed nu-
cleus of the stria terminalis (Figure 1D; Supplemental Figure S3).

We examined the effect of NL2 deletion on synaptic trans-
mission in the LS by performing whole-cell patch-clamp
Biological Psyc
recordings in acute slices from adult mice. Excitatory and
inhibitory synaptic transmissions were recorded (Figure 1E)
from visually identified GFP-tagged Cre recombinase–
expressing (Cre1) and GFP-expressing (control) neurons in
the intermediate part of the LS (Supplemental Figure S4). We
confined our measurements to the intermediate part (also
called rostral or rostroventral LS) because previous studies had
implicated this LS region in regulating stress-related behavior
[reviewed in (30)], and the stress-induced activation of imme-
diate early gene (IEG) c-fos is most prominent in this area
(31,32). We examined IPSCs at different stimulation intensities
and found that the amplitude was markedly decreased in the
Cre1 cells compared with control cells (Figure 1F). In contrast,
there was no difference in the EPSC amplitude between Cre1
cells and control cells (Figure 1G). We then calculated the ratio
of IPSCs to EPSCs and found that this ratio showed a large
decrease in Cre1 cells (Figure 1H). These results obtained
after postdevelopmental deletion of NL2 in the LS unequivo-
cally indicate that NL2 has a continuing role in maintaining
inhibitory synaptic transmission in the LS in the mature brain.

Alteration of Inhibitory Synaptic Transmission in
the Absence of NL2 Is Caused by a Postsynaptic
Mechanism

To investigate if the effect on inhibitory synaptic transmission
observed in the LS after deletion of NL2 had a presynaptic or
postsynaptic origin, we recorded and analyzed miniature syn-
aptic transmission in the presence of tetrodotoxin. The ampli-
tude of miniature IPSCs (mIPSCs) was strongly reduced in the
Cre1 cells compared with control cells (t test, p = .0002; n =
10–11 cells, 5 mice per group) (Figure 2A, left graph). The fre-
quency of the mIPSCs did not differ significantly between the
two groups (t test, p = .1674) (Figure 2A,middle graph), although
there was a trend toward a decrease. The time constant of
mIPSC decay also remained unaltered (t test, p = .3065)
(Figure 2A, right graph). In contrast to a large effect on mIPSC
amplitude, no significant difference was observed in the mini-
ature EPSC (mEPSC) amplitude between the two groups (t test,
p = .8554; n = 10–11 cells, 3 mice per group) (Figure 2B, left
graph). The frequency of mEPSCs was also not changed (t test,
p = .4133) (Figure 2B, middle graph), and likewise the time
constant of mEPSC decay was not changed (t test, p = .4466)
(Figure 2B, right graph). The reduction in the amplitude of
mIPSCs observed in our experiments suggests that the deletion
of NL2 leads to a postsynaptic impairment of GABAergic syn-
apses in the LS, which could arise from a loss of the clustering of
GABAA receptors (GABAARs) on the postsynaptic membrane
(20,33,34). To further explore the mechanism underlying the
regulation of synaptic GABAARs byNL2 in the LS, we performed
immunohistochemical staining of LS sections for the g2 subunit
of GABAARs, which is a common constituent of synaptic re-
ceptors (35) and associates with NL2 (34). The absence of NL2
reduced the size of g2 puncta in the LS, reflecting declustering
of this subunit (t test, p , .001, n = 24–26 sections, 3 mice per
group) (Figure 2C). Moreover, the density of g2 puncta was
decreased (t test, p , .001) (Figure 2C), suggesting that
GABAARs containing this subunit were destabilized in the
absence of NL2. To examine whether the number of inhibitory
synapses was altered following NL2 deletion, we performed
hiatry June 15, 2019; 85:1046–1055 www.sobp.org/journal 1047

http://www.sobp.org/journal


Figure 1. Conditional deletion of neuroligin-2 (NL2)
in the lateral septum (LS) impairs inhibitory synaptic
transmission. (A) Timeline for the experiments
described in this figure. Virus expressing green fluo-
rescent protein (GFP)–tagged Cre recombinase or
GFP was injected in the LS of Nlgn2fl/fl animals at 4–5
weeks of age, followed by recordings 7–9 weeks later.
(B) Nissl-stained coronal section of mouse brain
(courtesy of Allen Brain Atlas), depicting the site of viral
injection. (C)Western blot of lysates from control and
Cre1 LS slices, immunoblotted with anti-NL2 or anti–
b-actin antibody. (D) Immunohistochemical confir-
mation of NL2 deletion in the LS as shown by the
absence of staining with NL2 antibody (in red) in Cre1
(right panel) and robust staining in control (left panel)
sections. NL2 expression is selectively reduced in
Cre1 LS with no change in the adjacent striatum. (E)
Method of analysis of the amplitude of averaged
inhibitory postsynaptic currents (IPSCs) and excit-
atory postsynaptic currents (EPSCs) recorded fromLS
neurons (left panel). Sample averaged IPSCs and
EPSCs recorded at different stimulation strengths
from control (top right panel) and Cre1 (bottom right
panel) neurons. (F) Amplitude of IPSCs recorded in
control and Cre1 neurons at different stimulation in-
tensities. There was marked reduction in IPSC
amplitude in Cre1 cells. Two-way analysis of variance
genotype 3 stimulation intensity interaction: F5,144 =
4.099, p = .0016; genotype: F1,144 = 37.01, p, .0001;
stimulation intensity: F5,144 = 20.51, p , .0001; Bon-
ferroni’s post hoc test: 10 mA, p . .999; 20 mA, p .

.999; 30 mA, p . .2665; 40 mA, p = .0206; 70 mA, p =

.0045; 100 mA, p, .0001; control: n = 10–13 cells, 4–5
mice; Cre1: n = 14 cells, 6 mice. (G) Amplitude of
EPSCs recorded in control and Cre1 cells at different

stimulation intensities was similar. Two-way analysis of variance genotype 3 stimulation intensity interaction: F5,147 = 0.3489, p = .8823; genotype: F1,147 =
0.05807,p= .8099; stimulation intensity: F5,147 = 29.6, p, .0001; control: n = 10–13 cells, 4–5mice; Cre1: n = 14 cells, 6mice. (H)Ratio of IPSC to EPSCamplitude
in control and Cre1 cells at different stimulation intensities. The ratio was strongly reduced in Cre1 cells. Two-way analysis of variance genotype 3 stimulation
intensity interaction:F4,119 = 0.8425,p= .5009; genotype:F1,119 = 70.66,p, .0001; stimulation intensity:F4,119 = 0.339,p= .8512;Bonferroni’s post hoc test: 20mA,
p = .0007; 30 mA, p = .0003; 40 mA, p, .0001; 70 mA, p = .0212; 100 mA, p = .0250; control: n = 10–13 cells, 4–5mice; Cre1: n = 14 cells, 6mice. All graphs represent
mean 6 SEM. *p , .05, **p , .01, ***p , .001. AAV, adeno-associated virus; DAPI, 40,6-diamidino-2-phenylindole.
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immunostaining for vesicular GABA transporter, which is a
presynaptic marker of GABAergic synapses. Our results
showed that there was no alteration in vesicular GABA trans-
porter puncta size (t test, p = .0559, n = 26–29 sections, 3 mice
per group) (Figure 2D) or density (t test, p = .2911) (Figure 2D),
indicating that NL2 is unlikely to play a major role in the main-
tenance of GABAergic synapse number in the LS.

Impaired Responsiveness of LS Neurons to Stress
in the Absence of NL2

Salient experiences can induce expression of IEGs in activated
neurons (36). Multiple studies have shown that various
behavioral challenges, including different forms of stress, in-
crease the expression of c-Fos in the LS (31,37–42). However,
the circuit dynamics that leads to the optimal behavioral
activation of c-Fos in the LS is unknown. To understand how
the impairment of inhibitory synaptic transmission following
NL2 deletion in the LS affects the ability of LS neurons to be
activated by stress, we performed an analysis of c-Fos after a
stress challenge. Nlgn2fl/fl mice that had received intra-LS in-
jections of AAV expressing Cre recombinase or control virus
were subjected to ARS for 30 minutes, which was followed by
1048 Biological Psychiatry June 15, 2019; 85:1046–1055 www.sobp.o
harvesting of their brains and immunostaining for c-Fos on
the brain sections (Figure 3A). Two-way ANOVA showed a
significant effect for genotype 3 stress interaction (F1,71 =
7.182, p , .0091), significant main effect for genotype
(F1,71 = 17.45, p , .0001), and significant main effect for stress
(F1,71 = 28.48, p , .0001) (n = 13–25 sections, 3–6 mice per
group). Bonferroni’s multiple comparisons test revealed that
ARS increased the number of c-Fos–positive neurons in the LS
of control animals (p , .0001) (Figure 3B, C), but not in animals
with conditional deletion of NL2 (p = .4168) (Figure 3B, C). This
resulted in a smaller number of c-Fos1 neurons following ARS
in Cre1 LS compared with control LS (p , .0001) (Figure 3B,
C). Our results thus indicate that reduced inhibitory synaptic
transmission in the LS is associated with impaired response of
LS neurons to ARS.

Conditional Deletion of NL2 in the LS Alters
Anxiety-Related Avoidance Behavior

Next, we examined the consequences of conditional NL2
deletion in the LS on animal behavior. We focused our
investigations on anxiety-related and depression-related
behavior because previous lesion and pharmacological
rg/journal
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Figure 2. Neuroligin-2 (NL2) deletion in the lateral
septum (LS) alters inhibitory synaptic transmission
by a postsynaptic mechanism. (A) The recordings for
miniature inhibitory postsynaptic currents (mIPSCs)
show a reduction in mIPSC amplitude in Cre1 cells.
Sample traces from control (blue, top) and Cre1 (red,
bottom) neurons are shown above the graphs.
Averaged mIPSCs for each condition are shown
above their respective traces. The scale bars for
averaged mIPSCs represent 10 ms (x-axis) and 20
pA (y-axis). The graphs depict that the amplitude of
mIPSCs is reduced in the Cre1 neurons compared
with the control neurons (left). The frequency (middle)
and the time constant of decay (right) remain un-
changed. (B) Sample traces of recordings for mini-
ature excitatory postsynaptic currents (mEPSCs) in
control (blue, top) and Cre1 (red, bottom) neurons
are shown above the graphs. Averaged mEPSCs for
each condition are shown above their respective
traces. The scale bars for averaged mEPSCs repre-
sent 10 ms (x-axis) and 10 pA (y-axis). The graphs
show that the amplitude (left), frequency (middle),
and decay time constant (right) of mEPSCs are
similar in control and Cre1 neurons. (C) Absence of
neuroligin-2 in the LS reduces puncta size and
puncta density of gamma-aminobutyric acid A re-
ceptor (GABAAR) g2 subunit. Sample confocal im-
ages showing g2 immunostaining in the LS of control
and Cre1 (top panels) group. Boxed regions in top
panels are shown at higher magnification in bottom
panels. Quantification of puncta size (left graph) and
puncta density (right graph) are also shown. (D)
Deletion of neuroligin-2 in the LS had no effect on the
puncta size and puncta density of vesicular GABA
transporter (VGAT). Sample confocal images
showing VGAT immunostaining in the LS of control
and Cre1 groups (top panels). Boxed regions in top
panels are shown at higher magnification in bottom
panels. Quantification of puncta size (left graph) and
puncta density (right graph) are also shown. All
graphs represent mean 6 SEM. ***p , .001.
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studies had revealed the importance of the LS in controlling
these behaviors (8,10,11,43). We tested Nlgn2fl/fl mice that
had received bilateral stereotaxic injections of AAV express-
ing GFP-tagged Cre recombinase (Cre1) or GFP (control) in
the LS on the EPM, OFT, and TST (Figure 4A). Our experi-
ments revealed that animals with conditional deletion of NL2
in the LS spent significantly more time exploring the open
arms of the EPM compared with control animals (t test, p =
.0019; n = 10 mice per group) (Figure 4B, left graph). The
total distance traveled in the open arms (t test, p = .0004)
(Figure 4B, middle graph) and the number of entries in the
open arms (t test, p = .0491) (Figure 4B, right graph) were
also significantly increased in Cre1 animals. In the OFT, the
total distance traveled was similar in the two groups, indi-
cating that the animals’ locomotion was not altered by the
absence of the NL2 in the LS (t test, p = .1996; n = 10 mice
per group) (Figure 4C, left graph). Interestingly, the time
spent in the center of the OFT remained unchanged in the
Cre1 animals (t test, p = .0522) (Figure 4C, right graph), as
was the distance traveled in the central square (t test, p =
.4578) (Figure 4C, middle graph). Given that we saw a robust
Biological Psyc
decrease in avoidance behavior in Cre1 animals in the EPM,
it was surprising that the time spent in the center of the OFT
was unaltered. Even though the exploration of both the open
arms in the EPM and the central zone in the OFT is
considered to measure risk avoidance behavior, unmatched
results from the two tests are commonplace, and a meta-
analysis of published studies found no concordance be-
tween the two methods (44). Also, such discrepancies were
reported previously (but remained unexplained) in studies
dealing with the analysis of the LS as well as NL2 function
(7,21). One possible reason for the discrepancy may be that
the EPM is a more sensitive test of anxiety because the
elevated arms are inherently more anxiogenic than the OFT
(45) and therefore more suitable to reveal deficits that are
dependent on the activation of stress-responsive neuronal
circuitry. We next examined depression-related behavior in
our animals using the TST. We recorded the time animals
spent immobile after being suspended upside down, as a
measure of behavioral despair. The percentage of time mice
spent immobile in the TST was unchanged between control
and Cre1 animals (t test, p = .5964; n = 10 mice per group)
hiatry June 15, 2019; 85:1046–1055 www.sobp.org/journal 1049
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Figure 3. Impaired responsiveness of lateral
septum (LS) neurons to stress in the absence of
neuroligin-2. (A) Timeline of the behavioral challenge
in the form of acute restraint stress (ARS) and c-Fos
immunohistochemistry (IHC) performed in the LS. (B)
Quantification of c-Fos1 cells in confocal stacks
(region of interest 250 mm 3 250 mm 3 40 mm) from
nonstressed condition (non-ARS) and following ARS
in Nlgn2fl/fl animals that received intra-LS injection of
control or Cre recombinase virus. (C) Sample
confocal images showing c-Fos1 cells in the LS of
control and Cre1 groups (top panels). Boxed regions
in top panels are shown at higher magnification in
bottom panels. All graphs represent mean 6 SEM.
***p , .001. ns, not significant.
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(Figure 4D). Overall, our behavior experiments showed that
the conditional deletion of NL2 in the LS results in a selective
decrease in avoidance behavior in the EPM without causing
any change in depression-related behavioral despair in
the TST.

Absence of NL2 in the LS Impairs Stress-Induced
Neuronal Activation in the Lateral Hypothalamus
and Anterior Hypothalamic Area

To understand how the E/I imbalance and impaired stress-
induced activation in the LS in the absence of NL2 leads to
reduced avoidance behavior, we examined the downstream
target regions of LS projection neurons. We focused on the
anterior hypothalamic area (AHA) and lateral hypothalamus
(LH), two hypothalamic regions that receive prominent pro-
jections from the LS and have been implicated in controlling
anxiety-related behavior (3,46,47). Conditional deletion of
NL2 in the LS caused a strong reduction in the number
of cells that expressed c-Fos in the LH following 30 minutes
of ARS compared with control animals that received the
1050 Biological Psychiatry June 15, 2019; 85:1046–1055 www.sobp.o
same stress (Figure 5A–C). Two-way ANOVA revealed a
statistically significant effect for genotype 3 stress interac-
tion (F1,69 = 5.607, p = .0207), significant main effect for
genotype (F1,69 = 12.7, p = .0007), and significant main effect
for stress (F1,69 = 30.37, p , .0001) (n = 14–21 sections, 4
mice per group). Bonferroni’s post hoc test showed that ARS
increased the number of c-Fos1 cells in the LH of control
mice (p , .0001), but not in the mice with conditional NL2
deletion in the LS (p = .2166), resulting in a smaller number of
c-Fos1 neurons in the LH following ARS in Cre1 mice
compared with control mice (p = .0002). The conditional NL2
deletion in the LS also caused a decrease in c-Fos–
expressing neurons following ARS in the AHA (two-way
ANOVA for genotype: F1,69 = 6.772, p = .0113; for stress:
F1,69 = 21.05, p , .0001; and for genotype 3 stress inter-
action: F1,69 = 26.2, p , .0001; n = 14–21, 4 mice per group;
with Bonferroni’s post hoc test: control, non-ARS vs. ARS, p
, .0001; Cre1, non-ARS vs. ARS, p . .999; ARS, control vs.
Cre1, p , .0001) (Figure 5A–C). Interestingly, c-Fos response
to ARS in the paraventricular hypothalamic nucleus (PVN), an
important node in the hypothalamic-pituitary-adrenal axis,
rg/journal
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Figure 4. Conditional deletion of neuroligin-2 in
the lateral septum reduces anxiety-related avoidance
behavior. (A) Timeline for the behavior experiments
following bilateral injections of control or Cre
recombinase–expressing adeno-associated virus in
the lateral septum of Nlgn2fl/fl mice. Animals were
tested on 3 consecutive days in open field test (OFT),
elevated plus maze (EPM), and tail suspension test
(TST). (B) Quantification of behavioral parameters in
EPM shows that mice with bilateral deletion of
neuroligin-2 in the lateral septum spend more time in
open arms (left panel), travel longer distances in
open arms (middle panel), and make more entries to
open arms (right panel). (C) Quantification of OFT
data shows no difference between the two groups of
mice in the total distance traveled (left panel), dis-
tance traveled in the central square (of one fourth the
total area), and the time spent in the center (right
panel). (D) Quantification of immobility time in TST
shows no difference between the two groups of
animals. All graphs represent mean 6 SEM. Indi-
vidual value from each animal is represented by an
open quadrilateral. *p , .05, **p , .01, ***p , .001.
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remained unaffected by the deletion of NL2 in the LS (two-
way ANOVA revealed a significant main effect only for stress:
F1,69 = 140, p , .0001; n = 14–21, 4 mice per group; with
Bonferroni’s post hoc test: control, non-ARS vs. ARS, p ,

.0001; Cre1, non-ARS vs. ARS, p , .0001; ARS, control vs.
Cre1, p . .999) (Figure 5A–C). Even though PVN does not
receive direct projections from the LS, acute optogenetic
manipulation of LS projections to the AHA have been shown
to affect PVN neurons and circulating corticosteroid levels
(3). Our experiments that involve more chronic manipulations
of LS neuronal output suggest that the dependence of PVN
neuronal activation on LS is redundant at longer timescales
and is likely compensated by homeostatic regulation of
myriad inputs that reach the PVN (48). Instead, our results
suggest that altered E/I balance in the LS has an uncom-
pensated effect on stress-induced activation of neurons in
the LH and AHA. In addition, our findings suggest a positive
association between c-Fos expression in a subset of LH and/
or AHA neurons and mounting of avoidance behavior in
anxiety.
DISCUSSION

The conditional deletion of NL2 in the LS in mature mouse
brain allowed us to reach the following conclusions. First, NL2
is required for proper function of inhibitory synapses on LS
neurons. Second, optimal function of inhibitory synaptic
Biological Psyc
transmission and E/I balance at synapses on LS neurons is
required for efficient responsiveness of LS and downstream
hypothalamic neurons (in LH and AHA) to behavioral stress.
Finally, stress-induced activation of LS neurons leading to IEG
expression is positively correlated with execution of avoidance
behavior in an anxiety-inducing situation.

Our electrophysiological data demonstrate that NL2 is
required for the maintenance of postsynaptic function at
GABAergic synapses in the LS. The strong reduction in mIPSC
amplitude along with decreases in GABAAR subunit g2
observed in our experiments after NL2 deletion supports this
conclusion. As we did not observe major effects of NL2 dele-
tion on mIPSC frequency or on vesicular GABA transporter
puncta, NL2 seems dispensable for presynaptic function or
maintenance of synapse number in the LS. The trend toward a
decrease in mIPSC frequency in our experiments is likely
secondary to robust reduction of mIPSC amplitude causing a
proportion of events to fall below the threshold of detection.
The lack of effect of NL2 deletion on excitatory synaptic
transmission in our experiments is congruent with most pub-
lished results from other brain regions (20,21,26,29,49). How-
ever, a recent study showed that the absence of NL2 in cortical
astrocytes reduced excitatory synaptic transmission on
cortical neurons (50). As we used a cytomegalovirus promoter
to drive Cre recombinase expression in the LS for our elec-
trophysiology experiments, which would have deleted NL2 in
glia, our results indicate that astrocytic NL2 is unlikely to
hiatry June 15, 2019; 85:1046–1055 www.sobp.org/journal 1051
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Figure 5. The absence of neuroligin-2 in the lateral septum (LS) blocks the stress-induced activation of neurons in LS projection areas in the hypothalamus.
(A) Nissl-stained coronal section of mouse brain (courtesy of Allen Brain Atlas) at lower (top panel) and higher (bottom panel) magnification, depicting the
locations of lateral hypothalamus (LH), anterior hypothalamic area (AHA), and paraventricular hypothalamic nucleus (PVN) at which c-Fos–expressing cells
were quantified. (B) Sample confocal images showing c-Fos expression in LH, AHA, and PVN in nonstressed condition (non–acute restraint stress [ARS]) and
following ARS in mice injected in the LS with control virus (control) or virus expressing Cre recombinase (Cre1). Regions of interest were manually drawn on
each image stack according to the stereotaxic atlas. (C) The density of c-Fos1 cells in nonstressed condition (non-ARS) and following ARS in confocal stacks
for the three different areas analyzed. The absence of neuroligin-2 in the LS prevented the increase in the number of c-Fos1 cells in LH and AHA following ARS
but had no effect in the PVN. All graphs represent mean 6 SEM. ***p , .001. ns, not significant.
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control the maintenance of excitatory synaptic transmission in
this brain region.

The selective effect of NL2 deletion on inhibitory synaptic
transmission resulted in E/I imbalance in the LS. When we
explored the consequences of this imbalance on behavior-
induced neuronal activation, we observed a reduced c-Fos
expression in the LS triggered by ARS. This important finding
1052 Biological Psychiatry June 15, 2019; 85:1046–1055 www.sobp.o
indicates that intact inhibition in the LS is required for optimal
stress-induced neuronal activation. The understanding of the
mechanisms underlying this apparent paradoxical result re-
quires further investigation. We propose that by reducing the
inhibition on LS neurons, the deletion of NL2 increases the
background activity in the LS, which triggers the neuronal
network to undergo normalization (51) or downscaling (52),
rg/journal
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leading to the elevation of the thresholds for generating ac-
tion potentials and c-Fos induction. In addition, there could
be a disruption of synchronous rhythms between the LS and
connected regions (5). It is also possible that NL2 has a more
direct effect on c-Fos expression, independent of its control
of inhibitory synaptic transmission. We believe that this is
unlikely to be responsible for our findings because deletion of
NL2 in the LS did not alter basal c-Fos levels and produced
impairment of stress-induced c-Fos expression in down-
stream hypothalamic nuclei containing intact NL2. It must be
emphasized here that c-Fos is one of many IEGs that are
activated by salient experience and whose induction is an
indirect measure of neuronal activation (53). Future experi-
ments involving measurements of LS neuronal activity in vivo
in awake-behaving animals (for example, using calcium-
sensitive or voltage-sensitive indicators) would allow direct
examination of stress-induced activation of LS neurons.
Nonetheless, in agreement with our results, previous work in
cerebral cortex has shown that E/I balance is crucial for
multiple aspects of cortical sensory processing, such as gain
control and stimulus selectivity (54,55). Acute elevation of E/I
ratio in prefrontal cortex through optogenetic means impaired
information transmission within cortical circuitry and severely
affected social behavior (12). Also, a chronic alteration of E/I
balance in prefrontal cortex by conditional deletion of NL2
caused a decrease in c-Fos activation in response to
behavioral stimuli (21). Our results from the LS suggest that
E/I balance is similarly fundamental for the processing of
experience-induced input in this subcortical structure, even
though it consists solely of GABAergic neurons and hence
has a clearly different intrinsic circuit organization compared
with neocortex.

The local NL2 deletion provided us a good tool to examine
the behavioral consequences of E/I imbalance in the LS. We
found that animals with loss of NL2 in the LS showed reduced
anxiety in the EPM with normal locomotor activity and
depression-related behavior. This further strengthens a body
of evidence linking the LS with anxiety-related behavior
(10,56). Interestingly, the injection of the GABAAR agonist
muscimol in the LS has been reported to increase animals’
open arm exploration in the EPM (8). This is intriguing because
of our observation that reduced inhibitory transmission on NL2
deletion also leads to the same behavioral effect. The com-
bined evidence thus indicates that an alteration in E/I balance
in the LS in either direction results in identical phenotype in the
form of reduced anxiety-related behavior. Our results showed
that E/I imbalance in the LS had a selective effect on open arm
exploration in the EPM with no alteration in animals’ perfor-
mance in the OFT and TST, the latter being an assay of
depression-related behavior that tests behavioral despair. This
is interesting in light of the documented role of the LS in
regulating behavioral despair (43). The selective behavioral
effect in our experiments indicates that some functions of a
brain region (and the circuits in which it participates) are more
sensitive to E/I imbalance than others, which could partly
explain why patients with autism and schizophrenia have
restricted behavioral phenotypes, even in the presence of
mutations of universally important proteins. It should be noted
that our behavioral assays were done with naïve animals that
were not subjected beforehand to stressful experience. It will
Biological Psyc
be interesting to examine in future experiments whether
exposure of animals to acute or chronic stress uncovers an
intra-LS role of NL2 in determining affective behavior in the
OFT and TST.

How does reduced responsiveness of the LS to behavioral
stimuli result in reduced anxiety-related behavior? We
addressed this question by assaying the stress-induced
activation of c-Fos in the principal LS projection areas in the
hypothalamus. Our results showed that ARS resulted in
reduced c-Fos activation in the LH and AHA when NL2 was
deleted from the LS. This suggests that these hypothalamic
areas were not optimally engaged by the behavioral stimulus
in the face of reduced c-Fos activation in the upstream LS.
The AHA has long been considered a critical component of the
behavioral defense system and shown to regulate aspects of
anxiety-related behavior and hypothalamic-pituitary-adrenal
axis, in part by sending projections to the PVN (3,46,57). The
role of LH in anxiety is also beginning to be appreciated. A
recent study demonstrated that ventral hippocampal excit-
atory projections to the LH were anxiogenic, as optogenetic
activation of the terminals in the LH increased avoidance
behavior and their optogenetic inhibition reduced open arm
avoidance in the EPM (47). The optogenetic activation of axon
terminals from bed nucleus of the stria terminalis neurons
(presumably inhibitory) within LH reduced open arm avoid-
ance, without affecting other aspects of anxiety, such as rate
of breathing (58). Also, the pharmacological manipulation of
the LH affected rats’ performance in EPM, but not defensive
burying in the shock-probe test (46). In addition to supporting
the role of the LH in anxiety, these studies suggest that the LH
may be involved in regulating specific aspects of anxiety,
particularly avoidance behavior. Our finding showing an as-
sociation between reduced stress-induced c-Fos activation in
the LH and decreased open arm avoidance strengthens this
link. Direct testing of a causal relationship between the two will
require experiments involving in vivo optogenetics and/or
chemogenetics. Our results support a model (Supplemental
Figure S5) in which anxiety cells in the ventral hippocampus
control the avoidance behavior–regulating LH neurons by a
direct projection as well as through an indirect disinhibition
pathway involving LS neurons. In the absence of NL2, the
stress-induced activation of LS neurons is impaired (hence
reduced c-Fos in the LS), which may prevent optimal disinhi-
bition of avoidance-controlling hypothalamic neurons (hence
reduced c-Fos in the LH), resulting in increased open arm
exploration.

Our findings have relevance to understanding the neural
circuitry disturbances that arise from altered E/I balance in
various neuropsychiatric disorders. Future work will test
whether behavioral manipulations, such as chronic stress,
modulate NL2 levels in the LS to modify inhibitory trans-
mission, E/I balance, and behavior.
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