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ABSTRACT Neuronal aging involves a progressive decline in cognitive abilities
and loss of motor function. Mutations in human Lamin genes (LMNA, LMNB1,
LMNB2) lead to a wide-range of diseases including muscular dystrophy, pe-
ripheral neuropathy and progeria. Here we investigate the role of neuronal
Lamin in regulating age-related phenotypes. Neuronal targeting of Lamin led
to shortened lifespan, progressive impairment of motor function and loss of
dopaminergic (DA) neurons within the protocerebral anterior medial (PAM)
cluster in the Drosophila melanogaster brain. Loss of neuronal Lamin caused
an age-related decline in neural physiology, with slower neurotransmission
and increased chance of motor circuit failure with age. Unexpectedly, Lamin-
dependent decline in motor function was specific for the chemical synapses of
the dorsal longitudinal muscle (DLM). Together these findings highlight a cen-
tral role for Lamin dysfunction in regulating neuronal survival and motor cir-
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cuit physiology during aging.

INTRODUCTION

Nuclear architecture and nuclear membrane function is a
critical regulator of the aging process [1]. The nuclear lami-
na is a filamentous network that lines the inner nuclear
membrane, providing a structural scaffold for the nucleus.
This network is made up of type V intermediate filaments
known as lamins that tether protein and chromatin com-
plexes to the inner nuclear membrane. Mammals possess
three lamin genes, an A-type gene, LMNA which encodes
the alternatively spliced variants lamin A and lamin C, as
well as two B-type genes, LMNB1 and LMNB2 [2]. Muta-
tions in human Lamin genes (LMNA, LMNB1, LMNB2) cause
a range of severe disorders termed laminopathies, which
include muscular dystrophies, peripheral neuropathies and
progeria, an accelerated aging syndrome [2]. Alterations in
the nuclear lamina have also been implicated in normal
aging, suggesting that nuclear integrity and genomic stabil-
ity are critical for cellular health throughout life [3].
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DLM — dorsal longitudinal muscle,
GFS — giant fiber system,

PAM — protocerebral anterior medial,
TTM — tergotrochanteral muscle.

B-type lamins are constitutively and ubiquitously ex-
pressed whilst A-type lamins show more specific expres-
sion patterns in differentiated cells [4]. Differential expres-
sion patterns of A- and B-type lamins may explain the tis-
sue-specific pathology that occurs in many laminopathies,
for example, the absence of dementia in Hutchinson-
Gilford progeria patients, which is caused by mutations in
LMNA.

Drosophila are the only invertebrates known to possess
both A (Lamin C) and B-type lamins (Lamin DmO; referred
to as Lamin throughout this publication) [5]. Both Dro-
sophila and vertebrate lamins evolved from a single gene in
a common ancestor and possess similar expression pat-
terns and molecular motifs [5, 6].

The role of the nuclear lamina within the adult brain is
somewhat unclear. Lamin is the only nuclear lamin found
to be expressed in the nervous system [7, 8]. Even in Lamin
null mutant flies, Lamin C is not detectable, suggesting
limited compensation within this compartment [7, 8]. B-
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type Lamin genes (Lmnbl, Lmnb2) are essential for neu- significant reduction in lifespan (Fig 1A, Fig S1I-K). For each
ronal survival and migration [9], while Lamin expression RNAi line, neuronal knockdown of Lamin was ~50% of con-
decreases in the aging Drosophila brain [10]. Moreover, trol levels by gPCR (Fig 1B), and western blot of heads from
transgenic expression of Tau causes a decrease in lamin elav/Lam IR flies also showed a ~60% reduction in Lamin
protein, and a Lamin partial loss of function mutation sig- protein levels (Fig 1C). Functionally, a decrease in neuronal
nificantly reduces lifespan and promotes neuronal apopto- Lamin led to a rapid and progressive loss of motor function
sis [11]. Here, we investigate the role of Lamin on neuro- over the first 21 days of life (Fig 1D) and overall, neuronal
logical function within the aging Drosophila brain. Lamin caused an ~80% decline in climbing ability over the
fly’s lifespan (Fig 1E). Taken together, decreased expres-
RESULTS sion of Lamin within the nervous system is sufficient to
To specifically assess the role of Lamin within the nervous shorten lifespan and impair motor function with age.
system, we used a tissue-specific transgenic RNAi approach DA neurons are known to be responsible for locomotor
[12]. elavGal4 drives transgenic GFP expression (UAS- decision making and fine tuning in vertebrates and inver-
mCD8GFP) across the fly brain (Fig S1A-F) and these flies tebrates [13] and are well characterised within the fly brain
showed no difference in lifespan or motor function when [14, 15]. Decline in motor function has also been associat-
compared to elavGal4 alone (Fig S1G-H). Neuronal knock- ed with progressive loss of DA neurons with age [16].
down of Lamin with two independent RNAI lines showed a Moreover, in Drosophila, it has been shown that neurons
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FIGURE 1: Neuronal knockdown of Lamin causes decreased lifespan and locomotor ability. (A) Pan neuronal knockdown of Lamin
(elav/Lam IR) causes a significant decrease in lifespan compared to control flies (elav/+). (B) gPCR for knockdown efficiency of Lamin RNAI
hairpins showed a significant decrease in Lamin mRNA expression for both hairpins. (C) Western blot of fly heads showed a significant
decrease in Lamin protein expression with Lam IR-1 and Lam IR-2 knockdown. n=5. (D-E) Locomotor ability is significantly impaired in
elav/Lam IR flies. n>50 animals per group. Data represents mean = SEM. Climbing, western blot and qRT-PCR data was analysed using one-
way ANOVA with post-hoc Dunnett test for multiple comparisons. Lifespan analysis was done using a log-rank (Mantel-Cox test).
*comparison between elav/+ and elav/Lam IR-1. #comparison between elav/+ and elav/Lam IR-2. *p<0.05; **p<0.01; ***p<0.001;
*¥%%0<0.0001. elav/+ = elavGald; +/+; UAS-mCD8GFP > w'%: Lam IR/+ = w**8 > Lam IR; elav/Lam IR = elavGal4; +/+; UAS-mCD8GFP > Lam

IR.
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within the PAM cluster on the anterior side of the fly brain
are responsible for startle-induced locomotor function (Fig
2D) [17]. Neuronal Lamin knockdown animals displayed no
apparent loss of DA neurons across most areas of the brain
(Fig 2A-C, G, S2A-D, 1), however we did observe a progres-
sive loss of DA neurons within the PAM cluster (Fig 2D-F,
S2E-H), and this effect was most pronounced in aged ani-
mals (Fig 2H). Assessment of DA neurons in 50-day old
elav/Lam IR-2 flies was not possible due to their maximum
lifespan of 27 days (Fig 1A). However, loss of PAM DA neu-
rons was observed in elav/Lam IR-2 flies at 10 days of age

Posterior

Neuronal Lamin regulates motor circuit integrity

(Fig 2H), suggesting fly lifespan may be correlated to DA
neuron loss in the PAM cluster. Together our results sug-
gest that neuronal Lamin levels are critical for the brain
during aging, and dysregulation of Lamin expression can
lead to degeneration of DA neurons.

Due to the profound effects of neuronal-specific Lamin
knockdown on age-related behaviours (climbing, lifespan
and neurodegeneration), we decided to investigate its ef-
fects on neuronal function. Age-related deficits in Drosoph-
ila lifespan and climbing behaviors manifest in the func-
tional decline of the fly’s giant fiber system (GFS) [18], a
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FIGURE 2: Neuronal knockdown of Lamin causes an age-dependent loss of PAM cluster dopaminergic neurons. (A) Schematic of the
posterior dopaminergic neurons of the Drosophila brain. Representative images of posterior dopaminergic neuron clusters in (B) elav/+
and (C) elav/Lam IR flies at 50 days old. (D) Schematic of the anterior dopaminergic neurons of the Drosophila brain. Representative im-
ages of the anterior dopaminergic neuron clusters in (E) elav/+ and (F) elav/Lam IR flies at 50 days old. G Quantification of dopaminergic
neuron number in the posterior and anterior clusters of the fly brain at 50 days. (H) Quantification of dopaminergic neurons within the
PAM cluster of the fly brain. n>7 animals per group. Data represents mean + SEM and was analysed using student’s t-test. *p<0.05;
*%p<0.01; ¥**p<0.001. elav/+ = elavGald; +/+; UAS-mCD8GFP > w'%; elav/Lam IR = elavGald; +/+; UAS-mCD8GFP > Lam IR.
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well-defined neuronal circuit that controls jump and flight
responses [19, 20].

To assess neurotransmission in the GFS, we recorded
from the DLM, the indirect flight muscle which is controlled
via a glutamatergic synapse from the peripherally syn-
apsing interneuron (PSI; Fig 3A) [20]. Compared to control
animals, Lamin knockdown animals showed a progressive
loss of circuit function, manifesting in response failures on
repeated train stimulation (Fig 3B-C). Quantification of
these results highlights the loss of motor circuit function
over time (Fig 3D-F) with maximal failures (11.32 + 2.57)
observed in 50-day old flies with neuronal Lamin knock-
down at 150 Hz (Fig 3F). Control flies across all ages and all
stimulation frequencies showed <1 mean failures (Fig 3D-F).
Qualitatively, the probability of response for Lamin knock-
down animals declined on repeated stimulation at each
age point (Fig 3G-l), however, 50-day old animals showed
baseline defects in circuit responses even without repeated
stimulation, highlighting the extreme age-related loss of
motor circuit function in these flies. No difference was
observed in DLM response latency at 10 days in Lamin
knockdown or control flies (Fig 3J). Moreover, DLM re-
sponse latency was significantly increased in Lamin knock-
down flies at 30 days of age (Fig 3K) compared to control.
This effect could arise from direct loss of circuit or neuro-
muscular junction integrity, or indirectly via trans-synaptic
effects that alter the responsiveness of the post-synaptic
muscle. A significant difference in latency was also ob-
served at 50 days and 100 Hz stimulation, however due to
the 70-75% failure rate at the 20" pulse in 50-day-old Lam-
in knockdown flies stimulated at 150 Hz, only a few latency
values could be calculated and no significant difference
was observed in this case (Fig 3L). Together, we show that
neuronal-specific loss of Lamin triggers a severe age-
related decline in motor circuit performance.

Recordings were also taken from the tergotrochanteral
muscle (TTM), which controls the “jump” phase of the fly’s
escape response via mixed electrochemical synapses [20].
Unexpectedly, no significant increase in failure rate (Fig
S3A-E), decrease in response probability (Fig 3M-0), or
change in circuit latency (Fig S3F-H) was observed. Togeth-
er, these data show that DLM synapses are sensitive to
changes in the nuclear lamina.

DISCUSSION

Drosophila has been an essential model organism in the
discovery of the plasticity of aging, helping to identify ge-
netic pathways and biochemical processes capable of in-
fluencing the rate of aging [21, 22]. Here we expand on
previous findings [11], to show targeting neuronal Lamin
causes a progressive loss of locomotor function and de-
creased lifespan. These results are consistent with previous
data on Lamin null and partial loss of function mutants that
have been shown to be lethal or semi-lethal with surviving
adults experiencing locomotor deficits and decreased
lifespan [7, 8, 11, 23]. Studies of neuronal Lamin knock-
down previously conducted by Frost et al. (2016) also
showed comparable locomotor dysfunction to our study in
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the absence of decreased lifespan [11]. This discrepancy
may be due to differences in genetic background, diet or
environment and further investigation is required.

Defects in negative geotaxis behaviour have previously
been accompanied by age-dependent loss or decreased
tyrosine hydroxylase immunoreactivity in Drosophila DA
neurons [24-28]. Here we show that neuronal Lamin
knockdown is sufficient to cause age-dependent loss of DA
neurons within the PAM cluster, however, the mechanism
behind this loss remains unclear. Lamin dysfunction has
previously been shown to cause apoptotic neuron death as
a result of genomic architecture disruption, DNA damage
and cell-cycle reactivation [11]. Thus, selective DA
neurodegeneration in Lamin knockdown flies may occur
due to increased susceptibility of PAM cluster neurons to
age-related disruptions in nuclear envelope integrity,
ultimately resulting in apoptosis. Behaviourally, DA
neurodegeneration may then lead to decreased locomotor
function and shortened lifespan.

Of note, we observed enhanced survival and climbing
in Lam IR-1/+ lines when compared to the elav/+ or Lam
IR-2/+ control groups. Based on these results, we cannot
determine if Lam IR-1/+ flies exhibit enhanced health or if
elav/+ and Lam IR-2/+ animals show a relative decrease in
lifespan and motor function. Factors that could mediate
this effect include an overall weakness of elav/+ animals
due to gal4 expression, or a non-specific leakiness of the
Lam IR-2 transgene which confers a disadvantage to this
line. Alternatively, as these lines have been created a num-
ber of years ago, it is possible that secondary unknown
mutations affect the health of one or more lines. Regard-
less, elav/Lam IR animals showed a 50% reduction in
lifespan compared to either parental control consistent
with a specific role for Lamin in promoting neuronal health.

In this study, we have shown an age-dependent de-
crease in conduction velocity and an elevated failure rate
at the Drosophila DLM following decreased Lamin expres-
sion. Martinez et al. (2007) have previously shown the ef-
fects of aging on neuronal function within the GFS, show-
ing an association between aging and the number of suc-
cessful DLM responses to high frequency stimulation in
wild-type flies (100-200 Hz). In their study, elevated failure
rate of the DLM muscle occurred in 35-45 days old animals
stimulated above 150 Hz [18]. In our study, we did not ob-
serve failures in 50-day old wild type animals, however our
maximum stimulation was 150 Hz, and thus a lack of failure
at this frequency is consistent with the findings of Martinez
et al. (2007). We have shown a progressive increase in
DLM failure rate in Lamin knockdown flies starting at day
10 and these animals exhibit dramatically reduced lifespan.
The synaptic impairment of the DLM response and short-
ened lifespan induced by decreased Lamin expression are
reminiscent of Drosophila models of motor neuron disease
[29, 30], suggesting that neurodegeneration may be re-
sponsible for the phenotypes observed here.

We also observed that TTM latency and failure rate
were unaffected by Lamin knockdown. The DLMn is pre-
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FIGURE: 3 Neuronal knockdown of Lamin causes increased failure and latency of the DLM. (A) Schematic of experimental setup for recording from the GFS.
TTM = tergotrochanteral muscle; TTMn = tergotrochanteral motorneuron; PSI= peripherally synapsing interneuron; DLM = dorsal longitudinal muscle; DLMNn
= dorsal longitudinal motorneuron. Representative traces from the DLM in (B) elav/+ and (C) Lamin knockdown flies (elav/Lam IR) aged 50 days, stimulated at
150 Hz. Asterisks indicate failure to respond. Mean number of failures for elav/+ and Lamin knockdown flies (elav/Lam IR) at (D) 10 days, (E) 30 days and (F) 50
days old. (G-1) The probability of DLM response in Lamin knockdown flies (elav/Lam IR) is significantly decreased after repeated stimulations, in an age-
dependent manner. (J) No significant difference in latency was found in young flies (10 days) with Lamin knockdown (elav/Lam IR) when compared to elav/+.
(K-L) Aged flies (30 days and 50 days) show a significant increase in DLM latency with Lamin knockdown (elav/Lam IR). (M-O) The probability of TTM response
in Lamin knockdown flies (elav/Lam IR) shows no significant difference from elav/+. n>7 animals per group. Data are mean + SEM. Data was analysed using
two-way ANOVA with Bonferroni test for multiple comparisons. Response latency was analysed using multiple t-tests with Holdam-Sidak correction for multi-
ple comparisons. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. elav/+ = elavGald; +/+; UAS-mCD8GFP > w8 elav/Lam IR = elavGald; +/+; UAS-mCD8GFP >

Lam IR.
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dominantly activated by chemical glutamatergic synapses;
the TTMn on the other hand is predominantly activated by
electrical gap junctions directly from the GF [20]. The dif-
ferences in response between the compound action poten-
tials could thus be explained by the fact that Lamin defects
are specific to chemical synapses rather than electrical gap
junctions [31]. Alternatively, RNAi efficiency may differ
between TTM and DLM circuits, which could explain why
TTM responses were independent of Lamin. Neuromuscu-
lar junction defects have also been reported in Drosophila
Lamin C mutants, caused by disruptions to nuclear budding
leading to improper differentiation of synaptic boutons
[32]. Together these results suggest that Lamin dysfunction
at neuromuscular junctions may be behind the manifesta-
tion of some laminopathies (muscular dystrophies) and
Parkinson’s disease?-like phenotypes.

Overall, we show here that neuronal-specific Lamin is a
critical regulator of lifespan, neurodegeneration, and mo-
tor circuit health, and dysregulation of neuronal Lamin
expression/function may contribute to multiple patholo-
gies associated with aging and age-related diseases.

MATERIALS AND METHODS

Fly stocks

Flies were maintained on a standard diet of agar, corn meal,
yeast and molasses at 25°C, 65% humidity under a 12h:12h
light:dark cycle. elavGal4[C155] and UAS-mCD8GFP were ob-
tained from the Bloomington Drosophila Stock Center. The
Lamin RNA hairpins (107419 and 45635) and w''*® were ob-
tained from the Vienna Drosophila Resource Centre’s knock-
down libraries (Dietzl et al., 2007). An isogenic w'® back-
ground was maintained throughout all experiments.

Lifespan assay

For assessment of fly lifespan, 3 vials of 15 male flies were
collected per genotype and the number of dead flies was
counted every 2-3 days when flies were transferred to new
medium. This experimental paradigm was repeated at least
three times.

Climbing assay

Locomotor function was assessed once per week throughout
the fly’s lifespan, as previously described [33, 34]. Briefly, flies
were gently tapped to the bottom of the vial and given 10
seconds to climb a distance of 5 centimeters. The number of
flies that failed to reach the distance was then recorded. Each
vial was tested three times per time point with 30 seconds
rest in between trials.

gRT-PCR for knockdown efficiency

RNA was extracted from ~30 heads of 10-day-old male flies
using Purezol (Bio-Rad Laboratories). All extracted RNA sam-
ples met the quality for qgPCR (A260/A280>2.0,
A260/A230>1.8). After quantification, 1 ug of RNA was reverse
transcribed into cDNA using the iScript cDNA synthesis kit
(Bio-Rad Laboratories). qRT-PCR was performed using a Sen-
simix probe and Syto 9 dye as per the manufacturer’s instruc-
tions (Bioline) and run on a LightCycler 480 Instrument Il
(Roche). Cycling conditions were as follows:

1. Initial denaturation: 95°C for 10 minutes
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2. PCR cycling: 95°C for 15 seconds, 55°C for 15 seconds,
72°C for 15 seconds
» Repeat for 45 cycles
3. Melting curve analysis
Gene expression was normalised to the reference gene rp49
and relative mRNA abundance was calculated by the AACT
method. Primers were designed for Lamin (forward: CCAC-
TGCTGAGGGCAATGTC; reverse: TTCCAGGTTCTTCCGCGTTT)
and rp49 (forward: CGGATCGATATGCTAAGCTGT, reverse:
GCGCTTGTTCGATCCGTA) using PrimerBlast (NIH).

Western blot

30 Drosophila heads from 10-day-old male flies were homog-
enised for each genotype using a motorised pestle in 60 uL of
1 x Laemmli loading buffer. Homogenised samples were then
boiled at 100°C for 5 minutes and loaded onto a 10% SDS-page
gel. Proteins were separated by electrophoresis at a constant
voltage of 120 V for 90 minutes. Precision Plus Protein West-
ernC pre-stained molecular weight standards (Bio-Rad Labora-
tories) were loaded onto the gels for protein size comparisons.
Gels were transferred onto a PVDF (Bio-Rad Laboratories)
membrane at 1.0 A, 25 V for 30 minutes, using the Trans-Blot
Turbo system (Bio-Rad Laboratories). Immunoblots were
blocked in 5% non-fat milk in TBS (0.8% NaCl, 0.2% Tris, pH
7.6) for 30 minutes and then incubated with B-actin (ab8227;
1:2000; Abcam) and Lamin (#AL67.10; 1:50; Developmental
Studies Hybridoma Bank) primary antibodies for 24 hours at
4°C. Blots were then washed 3 times with TBST (0.8% NaCl,
0.2% Tris, 0.1% Tween-20) and incubated with the appropriate
secondary antibodies for 1 hour at room temperature. Wash-
ing steps were then repeated before blot development and
exposure on a Chemidoc XRS+ (Bio-Rad Laboratories) for visu-
alisation. Imagelab software (Bio-Rad Laboratories) was used
for band molecular weight and densitometry analysis.

Brain dissection and dopaminergic neuron staining and quan-
tification

Adult brains from male flies were dissected and stained for
tyrosine hydroxylase (TH) as previously described [35]. Briefly,
brains were dissected in ice-cold HL-3 solution (70 mM Nacl,
5 mM KCI, 10 mM NaHCO;, 5 mM HEPES, 115 mM sucrose, 5
mM trehalose, 20 mM MgCl,, pH 7.2) and fixed in 4% para-
formaldehyde (PFA)/ phosphate-buffered saline with 0.4%
Triton X-100 (PBT) solution for 20 minutes at room tempera-
ture. Fixed brains were then washed twice with quick inver-
sion and then three times for 20 minutes at room temperature,
using PBT. Brains were blocked with 5% normal goat serum in
PBT for 30 minutes at room temperature. Blocked brains were
then stained with primary antibodies; anti-TH (1:100; Millipore
#AB152) and anti-nc82 (1:75; Developmental Studies Hybrid-
oma Bank) for two nights at 4°C and then washed as above.
The secondary antibodies goat anti-mouse Alexa 555 and goat
anti-rabbit Alexa 647 (1:500; Invitrogen Molecular Probes)
were then applied for two nights at 4°C. Stained and dissected
brains were then washed again and mounted in Vectashield
(Vector Laboratories) as previously described [27]. Confocal
stacks of brains were acquired using a Leica SP8X confocal
microscope and used to quantify the number of dopaminergic
neurons present in the PAM, PAL, PPL1, PPL2, PPL3, PPM1,
PPM2 clusters. The number of neurons was scored off blinded
z-stacks using the Imagel Cell Counter plugin. Maximum pro-
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jections of the posterior and anterior orientations were also
collected.

Electrophysiological recordings from the GFS

GFS recordings were performed as described previously [19].
Briefly, flies were anesthetised on ice and then transferred to
a petri dish where fly wings and legs were mounted in dental
wax, ventral side down. For stimulations and recordings from
the TTM and DLM, five sharp tungsten electrodes were used:
two for stimulating the GF, one as a reference electrode and
two for recording from the TTM and DLM, respectively. High
frequency train stimulations of 20 pulses were delivered to
the GF at 50, 100 and 150 Hz. This process was repeated 10
times with 3-5 min of rest between stimulation trains. 0.2 Hz
stimulations were used prior to each high frequency stimula-
tion train to confirm that electrodes were still situated in the
correct muscle. The probability of response, at a particular
frequency of GF stimulation, due to a particular stimulus was
calculated from the proportion of successful responses for
both TTM and DLM pathways. Response latency was meas-
ured as the time between the stimulus artefact and the first
detectable voltage deflection of the corresponding response.
Latency fold change was calculated as the ratio of the 20"
pulse latency and the 1% pulse latency of the stimulation train.

Statistical methods

Data are represented as mean + SEM. Climbing ability was
analysed using one-way ANOVA with post-hoc Dunnett test or
multiple t-tests with Holdam-Sidak correction. Lifespan was
analysed using the log-rank Mantel-Cox test. qPCR and west-
ern blot data were analysed using one-way ANOVA with post-
hoc Dunnett test. All other experiments were analysed using
student’s t-test or two-way ANOVA with Bonferroni multiple
comparisons test. Significance was considered at a p-value less
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