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Abstract

Background—LIS1 (aka PAFAH1B1), a critical mediator of neuronal migration in developing 

brain, is expressed throughout life. However, relatively little is known about LIS1 function in the 

mature brain. We previously demonstrated LIS1 involvement in the formation and turnover of 

synaptic protrusions and synapses of young brain, after neuronal migration is complete. Here we 

examine the requirement for LIS1 to maintain hippocampal circuit function in adulthood.

Methods—Effects of conditional Lis1 inactivation in excitatory pyramidal neurons, starting in 

juvenile mouse brain, were probed using high-resolution approaches combining mouse genetics, 

designer receptor (DREADD) technology to specifically manipulate CA1 pyramidal neuron 
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excitatory activity, electrophysiology, hippocampus selective behavioral testing and MRI 

tractography to examine connectivity of LIS1 deficient neurons.

Results—We found progressive excitatory and inhibitory postsynaptic dysfunction as soon as 10 

days following conditional inactivation of Lis1 targeting CA1 pyramidal neurons. Surprisingly, by 

P60, it also caused CA1 histological disorganization with a selective decline in parvalbumin 

expressing interneurons and further reduction in inhibitory neurotransmission. Accompanying 

these changes were behavioral and cognitive deficits that could be rescued by either DREADD-

directed specific increases in CA1 excitatory transmission or pharmacological enhancement of 

GABA transmission. Lagging behind electrophysiological changes was a progressive, selective 

decline in neural connectivity, affecting hippocampal efferent pathways documented by MRI 

tractography.

Conclusions—LIS1 supports synaptic function and plasticity of mature CA1 neurons. Post-

juvenile loss of LIS1 there disrupts the structure and cellular make-up of the hippocampus, its 

connectivity with other brain regions, and cognition dependent on hippocampal circuits.

Keywords

LIS1; synaptic excitation-inhibition; synaptic homeostasis; plasticity; DREADD; cognitive 
behavior

INTRODUCTION

Both during development and in aging, neuronal circuits must maintain stability and 

integrity but also have great capacity for plasticity (1). An intriguing molecular candidate for 

supporting synaptic integrity is LIS1, associated with lissencephaly, a neuronal migration 

disorder affecting the cerebral, hippocampal and cerebellar cortices(2, 3). LIS1 continues to 

be present in synaptosomal fractions and post-migratory neurons in adulthood. We 

previously demonstrated an important role for LIS1 in regulating dendritic filopodia and 

spine dynamics indicative of altered neural plasticity in conventional Lis1+/– mice and in 

juvenile conditional knockouts that lose LIS1 after neurons have completed migration and 

initial connectivity (4). Interestingly, LIS1 deficits in specific hippocampal neuron 

populations significantly alters excitatory synaptic transmission in adult-born Lis1+/– 
dentate gyrus projection neurons (5) and dendritic spine density and clustering of excitatory 

synapses on hippocampal CA1 projection neurons that lose LIS1 expression starting at P20 

(4). Supporting a role for LIS1 involvement in neuropsychiatric disorders is LIS1 binding to 

DISC1, which is associated with schizophrenia. Moreover, reduced LIS1 levels were 

reported in brain of adult schizophrenic patients (6) and in a mouse model expressing 

inducible mutant hDISC1 (7).

In this study, we examined the effects of inactivating LIS1 expression in post-migratory 

hippocampal CA1 projection neurons from the late juvenile period through adulthood. We 

focused on hippocampus because it is particularly sensitive to Lis1 gene dosage (8). Highly 

selective genetic manipulation of Lis1 in CA1 glutamatergic neurons is achievable using a 

CaMKIICre driver for which recombination is > 95% selective for CA1 glutamatergic 

projection neurons starting on postnatal day 20 (P20) (9). Moreover, several classical 
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behavioral tests of hippocampal-dependent cognition, and electrophysiological correlates of 

learning and memory including LTP are well characterized. We therefore used a high-

resolution, targeted approach, combining mouse genetics, viral vector-mediated selective 

gene transfer, electrophysiology, a powerful technique--designer receptor exclusively 

activated by designer drug (DREADD) (10), 3 MRI tractography and cognitive tests to probe 

the effects of post-juvenile loss of LIS1 in hippocampal CA1 projection neurons on synaptic 

integrity and hippocampal circuit function in adulthood. We show that, distinct from its role 

in neuronal migration in early brain development, LIS1 acts in mature (post-migratory) CA1 

neuron excitatory and inhibitory synaptic transmission, and is necessary for plasticity of the 

excitatory synaptic response to a major input to these neurons. Moreover, behavioral data 

show that these functions “at the synapse” have functional relevance to cognitive processes 

mediated by hippocampal circuits.

METHODS AND MATERIALS

All methods and materials are detailed in Supplemental information

Mice

Mouse protocols were reviewed and approved by the Institutional Animal Care and Use 

Committee of Weill Cornell Medicine. Lis1flox/flox mice (8) crossed with the CaMKII-Cre 
(T29-1) driver line (9) inactivated Lis1 in post-migratory hippocampal pyramidal cells 

starting in CA1 at postnatal day (P) 20 as described in the Supplemental Materials. The day 

of birth was postnatal day 0 (P0). Throughout, Lis1cko refers to the CaMKIICre;Lis1fl/fl 
genotype, Cre-negative Lis1fl/+ littermates were the primary control group, while Cre-

negative Lis1fl/fl and CaMKIICre;Lis1fl/+ (Cre;Lis1fl/+) mice were separate comparison 

groups in selected experiments.

Histology

Brains were fixed and processed as described in Supplemental materials and serially 

sectioned at intervals of 40μm. Standard immunohistochemical methods were used to reveal 

NeuN, LIS1, parvalbumin (PV), somatostatin (SS), and calretinin (CR). Images were 

acquired using a compound microscope and processed in Adobe Photoshop to optimize 

visualization of specific labeling. Apparent interneuron densities were determined by 

counting cells within a grid of 200 μm2 placed over CA1 at the mid dorsal hippocampal 

level. Counts were averaged across 3–5 sections with ROI location and section numbers 

yoked across genotype groups.

Electrophysiology

Transverse brain slices (350 μm thick) were prepared from 30–60-day-old, avertin-

anesthetized mice as described in Supplemental materials. Briefly, brains were cut while 

immersed in a phosphate buffer with relatively high magnesium ion, high glucose, and low 

calcium ion concentrations, and supplemented with choline. Slices were then transferred to a 

standard (physiological) artificial cerebral spinal fluid (ACSF), bubbled with 95% O2 and 

5% CO2, and incubated at 32°C for 1 h. Recordings were obtained from slices incubating in 

34°C ASCF. Miniature postsynaptic currents were isolated by adding 1 μM tetrodotoxin to 
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the bath. CA1 pyramidal cells were clamped at −70 mV. An infrared-DIC microscope 

(Olympus BX51) with epifluorescence illumination, a charge-coupled device camera, and 

water immersion lenses were used to identify CA1 pyramidal cells. Whole cell recordings 

used glass electrodes (7–9 MΩ resistance) containing an intracellular solution (in mM) of 

126 potassium-gluconate, 2 KCl, 2 MgCl2, 0.2 EGTA, 10 HEPES, 4 Na2ATP, 0.4 Na2GTP 

and 0.5% neurobiotin (Invitrogen) (pH 7.25, 295 mOsm/kg). An internal solution for mIPSC 

recording contained 130 mM CsCl, 4 mM NaCl, 5 mM Na2phosphocreatine, 2 mM MgCl2, 

2 mM Na2ATP, 0.6 mM Na3GTP, 1.1 mM EGTA, and 5 mM Hepes (pH 7.3, 295 mOsm/kg).

Excitatory and inhibitory events in the same cell were distinguished by distinct reversal 

potentials. Membrane voltage was clamped at −70 and 0 mV to isolate EPSCs and IPSCs, 

respectively. At −70 mV holding potential, the inward sEPSCs exhibited the fast kinetics of 

AMPA events. At a holding potential of 0 mV, outward currents were mainly sIPSCs, 

exhibiting relatively slower kinetics of GABA-A events. In some experiments EPSCs were 

pharmacologically isolated adding 10 μM bicuculline methiodide (BMI) to the bath to block 

GABAA receptor-mediated inhibitory synaptic currents; while IPSCs were isolated with a 

cocktail of 50 μM NBQX and 20 μM D-AP5 to block AMPA and NMDA glutamate 

receptors.

Synaptic responses were evoked by square-pulse stimulation (1~10V, duration 0.1 ms) at 

0.05 Hz of Schaffer collaterals. Evoked EPSC amplitude was defined as maximum current 

measured within 5 msec of the stimulus. LTP was induced with 200 synaptic stimuli at 2 Hz 

with a 3-min depolarization to 0 mV, then compared 30 min post-stimulation (11, 12). 

EPSCs were recorded in ACSF with BMI. Paired-pulse ratios (PPRs) of EPSC amplitude 

were determined across an interstimulus interval (ISI) range of 20–200 msec. Low-pass 

filtered at 2 kHz and acquired at 5–10 kHz, recordings were analyzed using an Axopatch 

700B amplifier and pCLAMP10 software (Molecular Devices). The series resistance (Rs) 

varied between 4 to 6 MΩ, continuously monitored during recording to document that no re-

sealing of the ruptured membrane occurred. Cells in which the Rs or capacitance deviated by 

>20 % from initial values were excluded from the analysis. Also, cells with Rs > 20 MΩ at 

any time during the recording were excluded from the analysis.

Behavior

Full descriptions of methods for behavioral assays can be found in Supplemental Methods.

Spontaneous Locomotion—Mice were acclimated to the room for 1 hour, then 

individually placed in a polycarbonate test chamber (27.3 cm2) equipped with grids of 

10×10 infrared beams. Horizontal movement was automatically quantified from beam 

breaks every 10 min for 2 hrs.

Spontaneous Novel Object or Object-Place Recognition—Methods were adapted 

from previous studies (13, 14), and fully described in Supplemental Methods. On the first 

two-days, mice were allowed to acclimate to the white-walled, open arena (65 × 40 × 20 cm) 

for 10 minutes. On Day 3 two identical objects were placed in predetermined locations on 

the chamber floor. The mouse was placed at the wall opposite the two objects and then 

allowed to explore the arena freely for 10 minutes. Novel object or object-place recognition 
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was tested on Day 4. Novel object recognition: - one from Day 3, the other a novel object of 

equivalent size - were placed in the same locations used on Day 3. Novel object-place 

recognition: on Day 4 the same objects used on Day 3 were placed in the arena: one at one 

of the locations used on Day 3, the other in a new location equidistant from the other object. 

The mouse was allowed to freely explore for 5 minutes. Time spent exploring each object 

was quantified from video and a discrimination ratio, defined as the proportion of total 

exploration spent on the novel object or place, was used for analysis.

Fear conditioning—Methods were adapted from previous studies (15, 16). The training 

apparatus had a shock grid floor placed within a sound-attenuating chamber with a 

distinctive combination of visuospatial, tactile, and odor cues, defining the “training 

context”. On Day 1, after 1 min acclimation in this chamber, mice received 5 conditioning 

trials of a 30 sec, 70 dB tone cue (CS), followed by 1 sec, 0.7-mA shock (US) through the 

grid floor (inter-trial interval (ITI) ranging from 90–160 s). Behavioral freezing was 

quantified using a software-automated system (Etho Vision XT 8.5, Noldus Technology). On 

Day 2, cue conditioning was tested in a novel chamber configuration. Following the 1-min 

habituation period, 5 tone CS’s were presented. On Day 3 mice were placed back in the 

training context for 6 min to test the strength of context conditioning. “Percentage time 

freezing”, the primary outcome measure, was calculated for the habituation period, each 

tone, and each ITI on Days 1 (training) and 2 (cue test), and for minutes 2–6 of the context 

conditioning test on Day 3.

Stereotaxic injections

Recombinant AAV vector serotype 2 particles (2 ×109/2 L in PBS) were stereotactically 

injected bilaterally into the CA1. Mice were tested after 20 days. Only cases with the 

injection site within dorsal CA1 (confirmed with immunohistochemistry) were included in 

analysis.

Adenoviral DREADD production

DREADD allows for time and target specific neuronal activation (17). An evolved G-protein 

coupled receptor (GPCR), hM3Dq, is specifically activated by the synthetic ligand, CNO, 

which has no physiological action in the absence of the mutant GPCR. The hM3Dq receptor 

was delivered using an adenoviral vector (AAV2) that requires Cre-recombinase to express 

its hM3Dq insert (18). Virus stocks (AAV2.loxP.hM3Dq-mCherry) were packaged in a 

plasmid transfection system, purified with heparin chromatography, and titers determined by 

qPCR.

Clonazepam treatment

Clonazepam in PBS was administered by intraperitoneal injection in a volume of 0.01ml/kg 

30 minutes before the behavioral tests.

Magnetic Resonance and Diffusion Tensor Imaging (MRI and DTI)

Diffusion-weighted MR 7 T Bruker BioSpin scanner images were acquired with 16 

isotropically distributed diffusion-encoding directions at b=1000 sec/mm2 and three at b=0 
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sec/mm2. Image Post-Processing and Tractography was done using the eighth version of 

Statistical Parametric Mapping (version 8) (SPM) (19), implemented with MATLAB 

(Mathworks, Inc., Natick, MA). Using B0 images, tissues were segmented into 

cerebrospinal fluid, white matter (WM) and gray matter (GM). Manual editing was used 

when in-image tissue contrast was insufficient for accurate automated segmentation. Tissue 

was segregated according to the IBASPM mouse atlas, and the GM was parcellated into 148 

different ROIs ((20–22)), The segmented gray and white matter masks established the 

interface boundary and seeding areas for Bayesian formulation for fiber tracking (23). Tracts 

were seeded in voxels lining the gray-white matter boundary. Fibers were tracked through 

white matter regions, terminating when the fiber reached a different tissue layer of gray 

matter or CSF, the edge of an image volume, or when the angle between subsequent steps 

exceeded π/3.

Statistical analyses

All data were collected and analyzed with the operator blinded to genotype. At least three 

independent sets of animals were used for each experiment. Statistical analyses, including 

numbers of observations, are summarized in figures or figure legends and fully described in 

Supplemental Material. significance threshold was set p<0.05. Error bars indicate standard 

error of the mean (S.E.M.)

RESULTS

Post-juvenile loss of LIS1 in CA1 affects hippocampal lamination and interneuron density

In the Lis1cko model used here, Lis1 inactivation in CaMKII-expressing CA1 neurons starts 

around postnatal day (P) 20, a time when LTP can be induced in hippocampal excitatory 

circuits (9, 24–26), At this time point, gross hippocampal morphology and PV+ interneuron 

density were not different between Lis1fl/+ and Lis1cko brains (Sup Fig S1). At P30, LIS1 

protein was reduced in CA1 of Lis1cko mice as shown with anti-LIS1 

immunohistochemistry (Sup Fig S2A, B) and western blot (Sup Fig S2E), while LIS1 in the 

dentate gyrus (DG) was spared (Sup Fig S2C,D). We have previously shown that neuritic 

spine density of CA1 pyramidal neurons in the P30 Lis1cko is also reduced (4). By P60 

Lis1cko mice showed a significantly thinner CA1 pyramidal layer (Fig 1A, B), accompanied 

by cell displacement into the stratum oriens, and a small gene dose-dependent decrease in 

hippocampal size (area)(Sup Fig S3). We also performed a systematic quantification of the 

apparent densities of PV+, CR+ and SS+ interneurons within CA1. For region of interest 

(ROI) we used a subregion within dorsal CA1 that could be defined independently of 

staining using gross anatomical landmarks and equated across cases (see Supplemental 

Methods). We found a significant decrease in the density of PV+ neurons in Lis1cko animals 

(Fig 1C–E), with no change in CR+ and SS+ interneuron densities (Fig 1E; Sup Fig S4).

LIS1 loss in juvenile and adult brain impairs synaptic function and plasticity

Whole-cell and patch-clamp recordings of Lis1fl/+, and Lis1cko hippocampal slices 

(including CaMKIICre;Lis1fl/+ slices in FigS6) compared basic membrane properties, and 

spontaneous synaptic events as well as evoked responses and LTP in Schaffer collateral input 

to CA1. At P16, prior to expression of CaMKII-driven Cre, all physiological properties were 
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comparable in control and Lis1cko mice (Sup Fig S5). At P60, CA1 pyramidal neurons from 

Lis1cko mice showed decreases in the frequencies of miniature (spike-independent) EPSCs 

and IPSCs, with mPSC amplitudes unchanged (Fig 2A–D). On the other hand, spontaneous 

EPSCs and IPSCs, which depend more on exocytotic neurotransmitter release, were 

decreased in both frequency and amplitude, with most of these deficits observed as early as 

P30 (Sup Fig S6D–I). Taken together, these results are consistent with deficits in synaptic 

release from at least a subset of glutamatergic and GABAergic inputs to CA1 pyramidal 

neurons, but may also reflect abnormalities in the post-synaptic compartments of these 

synapses. Intrinsic membrane properties, excitability, and action potential waveforms were 

not altered in the Lis1cko hippocampus (Sup Fig S6 A–C).

We examined synaptic responses evoked by stimulation of Schaffer collateral inputs to CA1 

(Fig 2E), as well as LTP (Fig 2F–G) in this pathway. The paired pulse amplitude ratio (PPR) 

for evoked EPSCs was not different between Lis1cko and control hippocampal slices (ISI 

range 20–200 msec; Fig 2E) suggesting intact spike-dependent glutamate release in the CA3 

inputs to CA1 pyramidal neurons in the Lis1cko hippocampus. Induction of long-term 

potentiation (LTP), using a classical pairing protocol (11, 12)(Fig 2F–G), revealed markedly 

diminished LTP in the Schaeffer collateral-CA1 circuit of Lis1cko mice, while input 

resistances of recorded neurons remained constant over time (Fig 2G, bottom panel). 

Together the electrophysiological data indicate that a post-juvenile loss of LIS1 in CA1 

projection neurons produces marked deficits in the fundamental components of synaptic 

transmission at these neurons, and a loss of plasticity in synaptic activity driven by the 

Schaffer collaterals.

Post-juvenile LIS1 ablation in hippocampal pyramidal neurons alters psychomotor 
behavior and hippocampus-mediated cognition in adulthood

Deficits in cognitive functions that recruit the hippocampus are evident in schizophrenia, 

dementias, and other neuropsychiatric disorders (27–29). Notably, hippocampal dysfunction 

is a common feature of mouse models of these diseases (30–32). We hypothesized that 

ablation of Lis1 in hippocampal CA1 neurons would affect cognitive and behavioral 

domains that are sensitive to the integrity of the hippocampus and/or downstream limbic 

motor circuits. For example, hippocampal inputs to the basal ganglia modulate spontaneous 

locomotor activity (33). Indeed, in a novel open field, Lis1cko mutant animals showed 

sustained increased spontaneous locomotor activity (Fig 3A,B, *p<0.01, **p<0.001).

Hippocampus-mediated cognitive processes in Lis1cko animals were tested in several 

paradigms. Spontaneous novel object and object-place recognition paradigms measure non-

associative object or place memory, exploiting innate tendency to habituate and orient 

relatively more to novel objects or objects moved to a new location (13, 34). Novel object 

recognition, a process dependent upon the perirhinal cortex (13), appeared intact in CaMKII-
Cre;Lis1fl/fl animals (Fig 3C). On the other hand, novel object-place recognition, mediated 

by hippocampal circuits (13), was decreased in the CaMKII-Cre;Lis1fl/+ or Lis1cko animals 

relative to Lis1fl/+ or Lis1fl/fl mice. (Fig 3D, p<0.05). The intermediate place 

discrimination of heterozygous CaMKII-Cre;Lis1fl/+ mice suggested a LIS1 dose sensitivity 

for this form of implicit memory.
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Pavlovian cue- and context-associational learning and memory was tested in adult (P70) 

animals (Fig 3E–H). Acquisition of the conditioned freezing response (CR) to the cue was 

delayed in Lis1cko mice (change from trial (t) 1-t3; Fig 3F, p<0.05), but the relative increase 

in the CR was similar across groups by trial 5 (p>0.4). Twenty-four hours later, the tone CR 

was largely retained and retrieved similarly across genotypes (Fig 3G). However, Lis1cko 
mice showed markedly reduced CR to the training context (Fig 3H, p<0.001). Together these 

results indicate a deficit in hippocampus-mediated associational context memory in Lis1cko 
mice.

Rescue of cognitive function in CaMKII-Cre;Lis1cko animals by specific enhancement of 
CA1 excitatory neuronal activity via hM3Dq-DREADD

We selectively transfected CaMKII-expressing (Lis1–inactivated) CA1 neurons with 

DREADD hM3Dq receptors, mutated muscarinic GPCRs, which bind a pharmacologically 

inert ligand clozapine-N-oxide (CNO) (17). The hM3Dq receptor is inactive under 

physiological conditions, but when bound by CNO acts to depolarize the neuron. 

Stereotactic injection of Cre-dependent AAV (AAV2.loxP.hM3Dq-mCherry) vector was 

used to target hM3Dq expression to the CaMKII-Cre+ pyramidal neurons (Fig 4A). At P70, 

voltage clamp recording in hippocampal slices confirmed that bath application of CNO (20 

μM, 5 min) depolarized mCherry positive, but not mCherry negative, pyramidal cells (Fig 

4B). Next we tested the behavioral effects of this selective activation of Cre+ (LIS-deficient) 

hippocampal neurons. P70 mice received CNO 15 minutes prior to either locomotion 

assessment or fear conditioning (Day 1) (10, 35). DREADD activation did not affect the 

relative hyperlocomotion of the Lis1cko mice (Fig 4C). Remarkably, Lis1cko-DREADD 

mice receiving CNO prior to fear conditioning on Day 1 (Fig 4D) showed normalized 

learning and memory of the context tested after administration of a single CNO dose. 

Specifically, expression of the context CR at 48 hrs post CNO dose in Lis1cko-DREADD 

mice was not different from virus-injected Lis1fl/+ controls (Fig 4F), in contrast to the 

marked deficit observed in the non-treated Lis1cko mice (Fig 3H).

Enhanced GABA transmission improves contextual learning and memory in Lis1cko 
animals

Lis1cko and control mice received the benzodiazepine receptor (BZR) agonist, clonazepam 

(CZP), a positive allosteric modulator of the GABAA receptor that amplifies GABA signal 

in part by increasing the affinity of the receptor for GABA (36). A non-sedating dose of CZP 

was administered 30 min prior to testing locomotion in an open field or prior cue/contextual 

fear conditioning (Fig 4G). While CZP had an overall suppressing effect on locomotion, 

Lis1cko mice remained significantly more active than controls (Fig 4H). Remarkably, 

however, this single low dose of CZP prior to conditioning on Day 1 reversed deficits in 

acquisition of conditioned fear and context learning and memory (Fig 4I,K).

MRI tractography shows reduced structural connectivity in hippocampal projections of 
Lis1cko mice

We examined how Lis1cko CA1 pyramidal layer thinning and synaptic dysfunction relates 

to hippocampal fiber-connections and integrity of the terminal region connections. High-

resolution images obtained with a specialized structural and diffusion MRI protocol were 
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processed to produce connectome maps. Connection strength between pairs of brain regions 

was estimated by the number of tracts between the regions normalized by the total number 

of fibers detected in the same brain (Fig 5; Sup Fig S7) (23, 37, 38). At P30, when LIS1 is 

absent in pyramidal neurons (Sup fig S2) and electrophysiological changes are evident in the 

Lis1cko hippocampus (Sup Fig S6), hippocampal connectivity was not different than control 

mice (Fig 5A,B). However, by P60, the Lis1cko hippocampus showed aberrant connectivity 

affecting interhemispheric connections, ipsilateral/associational pathways and in pathways 

connecting hippocampus to subcortical regions (Fig 5A,C). Specifically, there were 

connectivity losses in tracts between left and right hippocampi, as well as ipsilateral 

connectivity between the hippocampus and striatum, septal nuclei, interpeduncular nucleus, 

substantia nigra and inferior colliculus (Fig 5C, Sup Fig S7). Next, connectivity loss 

selectivity at P60 was tested using the striatum as the seed region, finding significant 

connectivity reductions between striatum and hypothalamus, thalamus, substantia nigra, 

medial geniculate, and hippocampus (Fig 5C). However, tracts between these seed regions 

and amygdala, globus pallidus, superior colliculus, cerebellum and specific brainstem nuclei 

(Fig 5C, Sup Fig S7) were relatively intact. Considered with the electrophysiological data, 

we postulate that loss of LIS1 in post-migrational hippocampal pyramidal neurons leads to a 

weakening of synaptic function in these neurons followed by a progressive loss of inter-

regional connectivity.

DISCUSSION

Here, the demonstrated importance of LIS1 in post-migrational neurons to hippocampal 

synaptic integrity and circuit function is consistent with the hypothesis that LIS1 is needed 

for CA1 cytoarchitecture maintenance. Moreover, Lis1 inactivation in glutamatergic neurons 

reduces both excitatory and inhibitory synaptic activity at these neurons. Reduced GABA- 

mediated inhibitory synaptic responses in mature CA1 pyramidal neurons corresponds with, 

and is likely driven in part by decreased GABAergic input from PV+ interneurons, as 

indicated by the selective reduction of PV+ neuron density in Lis1cko mice. These data are 

consistent with the idea that glutamatergic inputs from LIS1-expressing pyramidal neurons 

are important for the maintenance of PV+ inhibitory interneurons.

It is plausible that with these marked changes in both excitatory and inhibitory synaptic 

transmission, accompanied by loss of inputs from PV+ interneurons, there is a disruption of 

synaptic homeostasis, an aspect of plasticity in which a balance between excitatory and 

inhibitory transmission at a neuron is maintained. This homeostasis depends on both 

spontaneous and evoked neurotransmitter release, NMDA and AMPA receptor activity at 

synapses, and appropriate dendritic morphology and structural stability of synapses 

(reviewed in (39–41)). Structural stability is, in turn, strengthened by coordinated activation 

of pre- and post-synaptic voltage-gated and NMDA-receptor-coupled calcium channels, such 

as that which occurs during sustained excitatory input. Synaptic homeostasis deficits could 

stem from altered synapse number and post-synaptic spine density, unbalanced excitatory 

and inhibitory inputs or NMDA/AMPA receptor malfunction. Such abnormalities have been 

reported in animal models of schizophrenia, autism spectrum disorders, Alzheimer’s disease 

and other neuropsychiatric disorders, implicating altered synaptic homeostasis as a major 

factor in these diseases (reviewed in (42)).
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Glutamate-mediated spontaneous and miniature excitatory synaptic responses in CA1 

pyramidal neurons were weakened following post-juvenile loss of LIS1 function in these 

neurons. Moreover, there was a marked deficit in activity-dependent plasticity in the 

excitatory inputs from CA3 (Schaffer collaterals). We postulate that these deficits underlie 

the impairment in encoding, retention and/or retrieval context-shock association in the 

Lis1cko mice, as these inputs have been shown to be necessary for object location and 

context memory (43, 44). By contrast, “baseline” excitatory synaptic responses evoked by 

direct single-pulse stimulation of the Schaffer collaterals were intact in Lis1cko CA1 

neurons. These findings would be consistent with a downregulation of excitatory input from 

the entorhinal cortex to the distal dendrites of CA1 pyramidal neurons, given that the activity 

of these inputs can potently regulate plasticity of CA3-CA1 synapses (45). The alteration to 

other glutamatergic inputs such as the subiculum (46), and/or post-synaptic mechanisms 

intrinsic to the LIS1-deficient CA1 neurons (47) must be considered.

Importantly, we also found evidence for secondary and/or non-hippocampal-specific effects 

of the post-juvenile suppression of LIS1 function in CaMKII-expressing neurons. First, both 

the decrease in PV+ neuron density and the changes in tractography were delayed relative to 

the relatively rapid (10 days) emergence of the synaptic transmission deficits in CA1 

neurons. Based on this timing, we postulate that changes to PV+ neurons and hippocampal 

projection systems are secondary to the synaptic transmission deficits in CA1 projection 

neurons. Notably, the post-juvenile loss of LIS1 function in CA1 projection neurons led to 

abnormal connectivity patterns in subcortical pathways and increased locomotion, a 

behavior mediated by basal ganglia and brainstem circuits that receive hippocampal input 

(48, 49). However, augmenting excitability specifically in CA1 projection neurons did not 

reverse this phenotype. Further elucidation of LIS1 function may yield new insights into the 

regulation of this highly conserved complex behavior (50, 51), and a greater understanding 

of psychomotor disturbances in neuropsychiatric disorders (14).

Unexpectedly, systemic augmentation of GABAA receptor dependent inhibitory 

neurotransmission in Lis1cko mice also improved associational learning/memory of context 

in the fear conditioning paradigm. It is plausible that both the selective increase in pyramidal 

neuron excitability produced by the CaMKII-DREADD manipulation or the non-sedating 

enhancement of GABA inhibitory tone can improve “signal-to-noise” during learning and/or 

retrieval of the context. In one model, contextual information relayed from sensory cortex is 

encoded by CA1 neurons via excitatory synaptic inputs. In turn, this excitatory input to CA1 

projection neurons regulates output to the amygdala and other nodes in the fear-learning 

circuit. The CNO-induced depolarization of the DREADD-expressing CA1 neurons would, 

via a Hebbian mechanism, increase probability of potentiation of excitatory inputs relaying 

contextual information to these neurons (52, 53). Increasing pyramidal neuron excitability 

would also amplify the local inhibitory feedback PV+ neurons, thus limiting the temporal 

window for excitatory feed-forward signal output from the hippocampus. In another model, 

systemic low-dose CZP would tonically upregulate the effects of GABA at GABAA 

receptors on CA1 neurons, raising the activation threshold and biasing the drive of these 

neurons toward the most synchronous excitatory input, possibly that carrying context-related 

information (54). This calls for further examination of the role(s) of LIS1 in optimizing 
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inhibitory and excitatory synaptic transmission in the hippocampus, and the impact thereof 

on information/experience-specific circuit activity (55).

This study demonstrates the importance of LIS1 in synaptic transmission and plasticity, not 

only during development but also in adulthood; and marks LIS1 protein as a potential novel 

target in the treatment of neuropsychiatric disorders. Further elucidation of LIS1 action in 

the adult brain will open new avenues toward pharmacological strategies that correct 

excitatory-inhibitory transmission balance and mitigate cognitive impairment associated 

with developmental and aging-related brain disorders.
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Figure 1. Reduced apparent density of parvalbumin-positive (PV+) interneurons and 
disorganization of the CA1 in adult Lis1cko mice
(A, B) Brain sections immunostained for NeuN. Relative to hippocampi from Lis1fl/+ 
littermates (A), Lis1cko hippocampi appeared to have a thinner pyramidal cell layer in the 

CA1 region and increased cell density in the stratum oriens (arrowheads). (C,D) PV 

immunohistochemistry in CA1. Lis1cko mice showed a decrease in PV+ neuron cell body 

density in CA1. (C’, D’) Higher-magnification of boxes in C and D. Unlike the thinning of 

the pyramidal layer NeuN+ neuronal nuclei, the PV+ band reflecting neurite staining is of 
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similar width between Lis1fl/+ and Lis1cko CA1 fields. (E) CA1 interneuron densities from 

brains stained for PV+, SS+ and CR+ were compared across genotype groups using a 

MANOVA co-varying for hippocampal ROI area. This showed a decrease in the PV+ 

interneuron density across genotypes (Left panel; F[1,2,14]=5.0, p<0.05); PV+ cell density 

in Lis1cko mice was lower than in other genotypes (p < 0.05, K-matrix post-hoc; no 

difference between Cre;fl/+ and wt:fl). CR+ and SS+ interneuron densities were not 

different across Lis1 genotypes (Right panels; F’s[1,2,14] <0.6, p’s >0.55). Number of cases 

shown in bars on left.
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Figure 2. Electrophysiological characterization of hippocampal CA1 pyramidal neurons 30 to 40 
days after Lis1 inactivation
(A) Representative traces of miniature(m) EPSCs in CA1 pyramidal neurons at P60 in Cre-

negative Lis1fl/+ and Lis1cko mice. (B) Lis1cko neurons show lower mEPSC frequency 

(**p<0.01) but not amplitude (n.s.). (C, D) Traces (C) and quantitation (D) show mIPSC 

frequency is also decreased in Lis1cko mice (***p<0.001). Numbers of neurons recorded 

are indicated inside bars in B and D. (E) Dependence of paired-pulse ratios (PPR) of evoked 

EPSC amplitudes in CA1 projection neurons on inter-stimulus time interval (ISI) is similar 

in Lis1fl/+ (top trace; n=20) and Lis1cko (n=19) mice. (Top) Representative traces from 

Lis1fl/+ and Lis1cko neurons of EPSCs evoked by successive stimuli delivered with ISIs of 

20 (1), 50 (2) and 200 (3) ms. (Bottom) Summary data show no difference between 

genotypes in PPRs across ISIs. (F–G) LTP expression in CA1 projection neurons in acute 
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hippocampal slices from Lis1fl/+ and Lis1cko P50 mice (n=10 each genotype). (F) Example 

traces of normalized EPSC amplitudes before (1) and after (2) paired stimulation (classical 

pairing protocol used for induction; EPSC amplitude 30 min post-induction). (G) EPSC 

amplitude over time; arrow indicates LTP induction. (Top) Compared to Lis1fl/+ mice, 

Lis1cko CA1 neurons show reduced LTP expression (p<0.01). (Bottom) Input resistance 

(Rin) was identical between groups throughout the procedure.
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Figure 3. Increased locomotion and deficits in object location and contextual fear conditioning in 
adult Lis1cko mice
(A) Locomotor activity measured as distance over time. The repeated measures ANOVA 

showed group differences across genotypes in the habituation rate (genotype × time 

interaction: F[22,154]=5.0, p<0.001) with Lis1cko showing less habituation than other 

genotypes (interaction F[1,14]=66.7, *p<0.01, corrected for multiple comparisons). (B) 

Significant increase in average locomotion in Lis1cko relative to both wt;fl and Cre;fl/+ 
groups (overall F[2,14]= 23, p < 0.001; Bonferroni-corrected pairwise comparisons; **p’s < 

0.001)). (C) Novel object recognition did not differ across genotype groups (F[1,2,34] = 2.2, 

p > 0.1). (D) In contrast, new location discrimination, which requires spatial encoding and 

memory mediated by hippocampal circuits (13), was significantly affected (F[1,2,40]. 

Bonferroni-corrected comparisons showed that Lis1cko mice were impaired relative to 

wt;fl/+ mice (*p <0.01), with Cre;fl/+ mice showing intermediate place discrimination 

(Lis1cko < Cre;fl/+, p < 0.08). (E) Time line for the cue/contextual fear conditioning 

paradigm (protocol in Supplemental Materials). (F) The repeated measures ANOVA 

covarying for baseline (spontaneous) freezing showed an increase in the freezing across 
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trials (F[1,4,112]=29.1; p < 0.001), reflecting acquisition of the conditioned freezing 

response (CR). The effect of genotype (F[1,2,28] = 16.0, p<0.01) and the interaction of 

genotype × trial (F[1,8,112] = 2.1, p< 0.05) were also significant. Lis1cko mice showed less 

freezing that continues to increase by trial 4 but asymptotes in wt;fl and Cre;fl/+ groups. (G) 

Cue memory, reflected in the strength of CR to the tone in a novel context on Day 2 (CR 

Retrieval) relative acquisition on Day 1 (Acquired CR). A repeated measures ANOVA 

showed a small but significant decrement in the tone CR across days in all groups. There 

was an effect of genotype (F1,2,28]=14.7, p < 0.01), but no genotype × day interaction 

(F[1,2,28]= 2.1, n.s.), so that retention and retrieval of the cue CR was not significantly 

different between genotypes. (H) Retrieval of the CR when placed in Context A on Day 3. 

There was a highly significant effect of genotype (F[1,2,27] = 37.8, *p<0.001). Bonferonni-

corrected comparisons showed Lis1cko mice to be impaired relative to both other genotype 

groups (p’s < 0.05). N’s appear in the bars.

Sudarov et al. Page 20

Biol Psychiatry. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Rescue of hippocampally mediated cognitive function in Lis1cko animals by increasing 
excitability selectively in CA1 pyramidal neurons (A–F) or with pharmacological augmentation 
of GABA-mediated synaptic inhibition (G–K)
(A) Experimental design for DREADD rescue experiments. In CaMKII-Cre;Lis1fl/fl 
(Lis1cko) mice, hippocampal glutamatergic neurons lose LIS1 starting at P20. At P50, 

AAV2.loxP.hM3Dq-mCherry virus was injected bilaterally into hippocampus of Lis1cko or 

Cre-negative Lis1fl/+ controls. Behavioral testing started on P70. (B) Bath application of 

CNO to hippocampal P70 slices triggered depolarization and burst firing only in mCherry-

positive, hM3Dq-expressing pyramidal cells. (C) Open field locomotion in hM3Dq-
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transfected mice. CNO (0.3mg/kg of body weight, i.p.) was administered to wt;fl and 

Lis1cko mice 15 min prior to testing. Untreated hM3Dq wt;fl mice were run in parallel. 

hM3Dq-expressing Lis1cko mice showed higher locomotor activity than untreated hM3Dq-

wt;fl or CNO-treated hM3Dq-wt;fl mice (overall F[2,41] =71.6, *p<0.001; Bonferroni-

corrected comparisons p’s < 0.05)(wt;fl vs. wt;fl-CNO, n.s.). (C’) Data from naïve wt;fl/+ 
and Lis1cko mice (Fig 3B) shown for reference. Lis1cko mice show hyper-locomotion 

irrespective of the DREADD-CA1 manipulation (Effect sizes: Cohen’s d for Lis1cko versus 

respective controls 1.6 – 3.7). (D–F) Effects of the DREADD-CA1 manipulation on 

contextual fear learning and memory. (D) CNO treatment as above on Day 1. The rate of CR 

acquisition in CNO-treated Lis1cko mice was not different than in untreated or CNO-treated 

wt;fl controls (genotype × trial interaction F[1,8,56] = 1.8, n.s.). (E) Retrieval memory. The 

relative ‘retention/retrieval’ of the CR to tone was similar across groups (lack of genotype × 

day interaction: F[1,2,14] = 2.4, n.s.). (F) Context retrieval on Day 3. In contrast to freezing 

levels in naïve Lis1cko mice (Fig 3H, blue line in Fig 4F), there were no significant 

differences across CNO-treated hM3Dq-Lis1cko and hM3Dq-wt;fl/+ CNO-treated and 

untreated groups. (F[1,2,13] = 0.6, n.s.), indicating rescue of context learning and/or 

memory in Lis1cko mice. (G–K) Augmentation of GABAA receptor function with 

clonazepam (CPZ) (0.0625 mg/kg) administered 30 min prior to Day 1 acquisition. (G) 

Schematic for testing effect of CPZ on cue and context fear conditioning. (H, H’) 
Locomotion in wt;fl, Cre;fl/+, and Lis1cko mice treated with CPZ (H) and reference data 

from untreated mice (H’). CZP reduced locomotion generally, but Lis1cko mice remained 

significantly hyperactive relative to wt;fl (F[1,24] = 15.7, *p<0.005; Bonferroni pairwise 

comparisons p’s < 0.05; average effect size (Cohen’s d) = 1.6). (I) Under the acute effects of 

CZP on Day 1, CR acquisition is similar in Lis1cko mice and controls (genotype × trial 

interaction F[1,8,88] = 0.69, n.s.). (J) Retention of the CR to tone is the same across 

genotype groups in average strength of the CR (F[1,2,22] = 0.82, n.s.) or the relative change 

in CR across Days 1 and 2 (genotype × day interaction F[1,2,22] = 1.2, n.s.). (K) Context 

retrieval test, Day 3. The CR to Context A in Lis1cko mice is restored by CPZ treatment to 

wt;fl and Cre;fl/+ levels F[1,2,21] = 1.9, n.s.). Blue line indicates performance of naïve 

Lis1cko mice (from Fig 3H).
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Figure 5. Structural connectivity in P30 and P60 Lis1cko and control brains
(A) Structural mouse brain networks were obtained from 7T diffusion MRI scans by 

performing whole-brain tractography. The nodes of the derived network correspond to the 

cortical and subcortical regions of the labeled mouse brain atlas which was parcellated using 

SPM5 and SPMMouse. The strength of the edges (connections) in this network is 

represented as the number of calculated tracts between two nodes, normalized by the total 

number of tracts found in the brain. (B, C) Connectivity comparisons between Lis1cko and 

control (Lis1fl/+) mice at P30 in B and at P60 in C. The x-axis in the tractography graphs 
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show numbers assigned to the 24 brain regions to which the axon fibers are tracked from 

each seed (e.g. hippocampus, septal nucleus, thalamus, etc.), hence the connectivity. The y-

axis is the % difference from control in the number of Lis1cko fiber connections between the 

seed to the region. Regions are labeled by a numerical index going from 1 to 24 (x-axis); the 

region names are shown as ordered in supplementary Figure S7. The more extensive 

comparisons of 24 regions of interest at P60 further demonstrate specificity in 

supplementary Figure S7. (n=3 each genotype).
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