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Systemic AL amyloidosis results from the
aggregation of an amyloidogenic immuno-
globulin (Ig) light chain (LC) usually pro-
duced by a plasma cell clone in the bone
marrow. AL is the most rapidly fatal of the
systemic amyloidoses, as amyloid fibrils
can rapidly accumulate in tissues includ-
ing the heart, kidneys, autonomic or pe-
ripheral nervous systems, gastrointesti-
nal tract, and liver. Chemotherapy is used
to eradicate the cellular source of the
amyloidogenic precursor. Currently, there

are no therapies that target the process of
LC aggregation, fibril formation, or organ
damage. We developed transgenic mice
expressing an amyloidogenic �6 LC us-
ing the cytomegalovirus (CMV) promoter
to circumvent the disruption of B cell
development by premature expression of
recombined LC. The CMV-�6 transgenic
mice develop neurologic dysfunction and
Congophilic amyloid deposits in the stom-
ach. Amyloid deposition was inhibited in
vivo by the antibiotic doxycycline. In vitro

studies demonstrated that doxycycline
directly disrupted the formation of recom-
binant LC fibrils. Furthermore, treatment
of ex vivo LC amyloid fibrils with doxycy-
cline reduced the number of intact fibrils
and led to the formation of large disor-
dered aggregates. The CMV-�6 trans-
genic model replicates the process of AL
amyloidosis and is useful for testing the
antifibril potential of orally available
agents. (Blood. 2011;118(25):6610-6617)

Introduction

The systemic amyloidoses are a diverse group of protein misfold-
ing diseases in which proteins aggregate and form fibrillar deposits
in tissues. Amyloidosis can be genetic in origin (familial amyloido-
sis, AF) or can occur in the setting of chronic inflammation or
infection (amyloidosis because of deposition of the acute phase
serum amyloid A protein, AA). However the most commonly
diagnosed form, amyloid light chain (AL) amyloidosis, is because
of deposition of an immunoglobulin light chain (LC) usually
produced by clonal plasma cells in the bone marrow. AL is the most
rapidly fatal of the systemic amyloidoses, as LC deposits may
rapidly accumulate in organs such as the heart, kidneys, autonomic
or peripheral nervous systems, gastrointestinal tract, and liver.1

Patients with AL amyloidosis are treated with chemotherapy to
eradicate the plasma cell clone in the bone marrow that is the
source of the amyloidogenic protein. Unfortunately, chemotherapeu-
tics and even newer anti-plasma cell drugs with novel mechanisms
of action can cause significant toxicity in AL amyloidosis patients.
Although the pathophysiology of AL amyloidosis is still not
completely understood, it is hoped that patient outcomes will be
improved with the development of therapies that specifically target
the process of protein aggregation, fibril formation, amyloid
deposition, and organ damage.

Although it is clear that the overexpression of a clonal
amyloidogenic LC causes AL amyloidosis, it is not clear what
structural features of amyloidogenic LC are responsible for misfold-
ing and aggregation. Furthermore, although it is well-established
that glycoaminoglycans2 and serum amyloid P component3 can
interact with LC proteins, and are found in association with

amyloid fibrils, the role of these accessory molecules in fibril
formation in vivo is not well understood. The role of prefibrillar
LCs in organ dysfunction remains a major question in the disease
pathogenesis. Data from our group have demonstrated that amy-
loidogenic LC can be acutely toxic to target organs, inducing
oxidative stress in cells and organ culture model systems.4,5

Amyloidogenic LCs can be internalized into cells, regulating the
expression of proteoglycans and possibly mediating interactions
leading to the activation of stress and other signaling pathways.6,7

Moreover, other investigators have demonstrated that prefibrillar
oligomers of other amyloidogenic proteins are cytotoxic and play
an important role in amyloid pathogenesis.8-10

One major obstacle to understanding mechanisms of amyloid
disease pathogenesis has been the lack of a genetically defined
animal model. Previous animal models of AL amyloidosis have
used injection of LC proteins isolated from the urine of patients
with renal-involved AL amyloidosis,11 or injection of plasmacy-
toma cells stably transfected with an amyloidogenic LC.12 There
are a number of disadvantages to these approaches, including the
limited amount of patient-derived LC protein and temporal con-
straints when live plasmacytoma cells are used. Another drawback
in these models is that injection or expression of a human LC in
immunocompetent mice will soon lead to the development of
mouse anti–human LC antibodies. This problem could be circum-
vented in immunocompromised mice, such as nude or RAG�/�, but
the lack of immune cells and cytokines may alter host responses
normally involved in the disease process. To overcome these
obstacles, we engineered a transgenic mouse expressing a human
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amyloidogenic LC, which would be recognized by the murine
immune system to be endogenous and thus nonimmunogenic. The
transgenic mice develop amyloid deposits, and neurologic abnor-
malities. These mice were used to test a potential amyloid
modifying oral therapeutic, doxycycline, demonstrating the utility
of this transgenic model for testing oral therapeutics.

Methods
Generation of CMV-�6 transgenic mice. Patient samples and data were
obtained from the Boston University Amyloid Treatment and Research
Program repository, with written consent in accordance with the Declara-
tion of Helsinki and with the approval of the Institutional Review Board at
the Boston University Medical Center. A �6 LC cDNA was generated by
reverse transcription from RNA prepared from bone marrow collected from
patient AL080 (GenBank sequence no. EF589388), who had rapidly
progressive multiorgan AL amyloidosis with amyloid deposits in heart,
liver, kidney, spleen, and adrenals found on autopsy. The AL080 �6 cDNA
was inserted between the HindIII and XbaI restriction sites in the
multi-cloning region of the pcDNA3 vector (Invitrogen). A linear 2412 bp
fragment of the pcDNA-AL080 �6 plasmid containing the CMV promoter,
�6 LC gene, and bovine growth hormone (BGH) polyadenylation sequence
was produced by restriction enzyme digestion with BglII and XmnI (NEB;
Figure 1A).

Animal studies were carried out with approval of the Boston University
School of Medicine Institutional Animal Care and Use Committee. Mice
were housed in an Association for Assessment and Accreditation of
Laboratory Animal Care–approved animal facility and maintained in a
specific pathogen-free facility. Injections of pcDNA-AL080 �6 plasmid
DNA were carried out in the Boston University Medical Campus Trans-
genic Core Facility.

Genotyping. DNA was extracted in high salt from mouse tail or ear
specimens after proteinase K digestion. Genotyping was performed by PCR
amplification using a primer at the beginning of the human �6 variable gene
(5� RATTTTATGCTGACTCAGCCCCACTCT)13 and the end of the BGH
polyadenylation region of the transgene (5� GCCTCGACTGTGC-
CTTCTAGTTG). Approximately 100 ng of template DNA was amplified
with the following cycles: initial denaturation at 95°C for 5 minutes,
followed by 30 cycles of 95°C for 45 seconds, 54°C for 45 seconds, and
72°C for 60 seconds (iCycler, BioRad). The transgene PCR produced the
expected band of 720 bp. Five potential founder mice identified by PCR
were confirmed to be transgenic by Southern blot analysis of genomic DNA
using 2 separate DNA probes, one spanning the variable and constant
domains of the �6 LC through the BGH polyA sequence and the other to the
CMV promoter region.

Tissue protein extraction and human � LC immunoblot. Whole cell
extracts were prepared from tissues snap frozen on dry ice. Tissues were
homogenized using an electric homogenizer (PowerGen 125, Fisher) in
0.5-1 mL of lysis buffer 50mM Tris-Cl pH 8.0, 1% triton X-100, 125mM
NaCl, 10mM sodium pyrophosphate, 1 mM phenylmethylsulphonyl fluo-
ride, 1mM sodium orthovanadate, 1mM sodium fluoride, 1mM EGTA,
1.5mM MgCl2, 1mM DTT, 1 mg/mL aprotinin, 1 mg/mL leupeptin, 1
mg/mL pepstatin, and 0.01% protease inhibitor cocktail (Sigma-Aldrich).
Homogenates were centrifuged (20 800g) at 4°C and total protein quanti-
fied using the BioRad Protein Assay reagent.

Immunoblots were prepared using the BioRad Mini PROTEAN II
Trans-blot vertical electrophoresis and transfer apparatuses with 7.5% or
10% acrylamide gels. Separated proteins were transferred overnight to
methanol activated Immobilon-P PVDF membranes (polyvinylidene diflu-
oride, Millipore), blocked in 5% nonfat dry milk reconstituted in 1X TBS-T
(50mM Tris-buffered saline (with 0.1% Tween-20) and incubated overnight
with goat anti–human � light chain (Sigma-Aldrich no. L5267, 1:2000).
TBS-T washed membranes were incubated with donkey anti–goat antibody
conjugated to horseradish peroxidase (HRP) secondary at 1:10 000 (Santa
Cruz Biotechnology) and binding detected with enhanced chemilumines-
cence (West Pico, Pierce).

Laser capture microdissection. Laser capture microdissection was
performed on 10 �m stomach cryosections lightly counterstained with
eosin and Congo red using the Arcturus PixCell laser capture microdissec-
tion system. Amyloid deposits from 5 slides were collected per cap
(Molecular Devices). The protein was solubilized from the cap using the
buffer described by Gozal et al.14 One microliter of protein extract was
electrophoresed using the Phast system (Pharmacia) and silver stained
(ProteoSilver Plus, Sigma-Aldrich). Approximately 9 �L of solubilized
protein were electrophoresed on a 7.5% acrylamide SDS PAGE gel and
immunoblotted for the human � LC, as previously described.

Doxycycline treatment. Doxycycline (0.5 mg/mL, Sigma Chemicals)
with 2% sucrose (American Bioanalytical) was provided ad libitum in red
light filtering bottles and changed twice weekly. To assess the ability of
doxycycline to prevent amyloid formation, we compared seventeen 3-6
month old transgenic mice given doxycycline for at least 7 months to
age-matched transgenic mice (n � 16) who received only water. An equal
number of line 26 treated and control and line 55 treated and control mice
were used. Stomachs were bisected coronally, rinsed with 1� PBS, and a
portion of the tissue was snap frozen on dry ice for protein extraction and a
portion was fixed in 10% formalin for histologic analysis.

In vitro doxycycline assays. A recombinant amyloidogenic �1 LC
cloned from bone marrow plasma cells of a patient with multiorgan AL
amyloidosis was prepared as previously described.15 Recombinant LC
(0.25 mg/mL) was incubated for 5 days at 37°C, alternating with cycles of
at least 4 hours at 65°C, with agitation in 0.5M sodium sulfate in 10mM Tris
at pH 7.4 (modified from Baden et al16). Doxycycline (250 mg/L or
15 mg/L) or water (control) was added at the start of the experiment and
replenished after 3 days; earlier time points were studied in a second
independent experiment. Proteins were visualized by negative stain elec-
tron microscopy over the time course of the incubation, as described in the
next section. LC fibrils were extracted from autopsy tissue from the same
patient from which the transgene was cloned,17 lyophilized, and resus-
pended in saline (0.8 mg/mL). Approximately 0.5 mg/mL of fibrils were
incubated in water with 0.02% sodium azide at 37°C with gentle agitation
for 48 hours with 250 mg/L or 15 mg/L doxycycline or water with
replenishment of doxycycline after 24 hours and then visualized by
negative stain EM.

Negative stain electron microscopy. Tissue specimens of � 1 mm3

were fixed in 2.5% glutaraldehyde. Before embedding, the tissues were
washed with 0.2M sodium cacodylate buffer (Electron Microscopy Sci-
ences) for 5 minutes, and post fixed with osmium tetroxide. Dehydration
was performed through successive rinses in 50%, 90%, and 100% acetone.
Specimen were incubated in 1:1 acetone:resin (30 mL eponate, 15 mL
aradite, 55 mL DDSA, 2 mL DMP-30, Ted Pella) for 30 minutes, a fresh
change of resin for 1.5 hours, and was embedded into capsules with resin.
Polymerization proceeded at 60°C overnight and tissues sectioned to
0.5 �m thick. The sections were stained with 4% uranyl acetate (Fisher
Scientific) for 20-30 minutes at 60°C, rinsed with distilled water, treated
with lead citrate (Fisher Scientific) for 60-80 seconds, and rinsed with
distilled water before observation on a transmission electron microscope
(Philips 300 TEM).

Fibrils and LC treated in vitro with doxycycline were imaged by TEM
on glow-discharged 300-mesh carbon-coated copper grids (Electron Micros-
copy Services18). After a 25 minute incubation on the grid, samples were
negatively stained with 1% sodium phosphotungstic acid for 10 seconds. To
remove excess salt before staining, grids were washed with 15 drops of
distilled water or samples were washed once with distilled water before
applying to the grids.

Congo red staining. Paraffin sections (7�M) were deparaffinized in
xylene and rehydrated through washes of 100% and 95% ethanol followed
by water. After a light counterstaining with Mayer hematoxylin, sections
were incubated in an alkaline solution of salt saturated alcohol (80%
ethanol, 1% sodium hydroxide, and 170mM sodium chloride) for 20 minutes
followed by staining with alkaline Congo red (80% ethanol, 0.2% Congo red, and
500mM sodium chloride) for 20 minutes. Sections were dehydrated in 95%-
100% ethanol and 2 xylene washes. Two sections were stained per stomach for
doxycycline-treated and control mice. Photomicrography was performed using a
Leica DM2000 microscope (10� or 40� objective) equipped with a Spot Insight
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2 Megasample digital camera (Model 18.2, Diagnostic Instruments) and Spot
Advanced Version 4.6 software.

Immunohistochemistry. Sections (5 �m) from formalin-fixed, paraffin-
embedded tissues were stained for human � and � (�) LC (Dako) with the
Autostainer from Dakocytomation. Briefly, endogenous peroxide reactivity
was quenched with 0.3% hydrogen peroxide in methanol and antigen
retrieval was performed by microwaving in Antigen Retrieval Citra Plus
solution (BioGenex) for 3 and 8 minutes on high and medium, respectively.
The sections were washed in wash buffer (Dako), incubated in the primary
rabbit polyclonal antibody (1:25 000) in Power Block (Dako) and second-
ary antibody (MACH 4 universal HRP-polymer kit, Biocare Medical) and
diaminobenzidine (DAB) substrate. After immunostaining, the sections
were counterstained with Harris hematoxylin.

Echocardiography. The cardiac function of unanesthetized mice was
assessed by echocardiography using the Acuson Sequoia C-256 echocardio-
graph machine and a 15-MHz probe.19 Higher resolution echocardiography
was performed on mice anesthetized with isoflurane using the VisualSonics
Vevo770 micro-ultrasound imaging system. The M-mode echocardiogram
was recorded at the papillary muscles of the mid-ventricle. The two-
dimensional parasternal short-axis view was also imaged. The end-diastolic
and end-systolic thickness of the left ventricle, interventricular septum, and
posterior wall were measured, as well as heart rate. The fractional
shortening of the left ventricle, calculated as the change in the end-diastolic
and end-systolic dimensions divided by the end-diastolic size, was calcu-
lated to assess cardiac contractile function.

BUN assay. Serum blood urea nitrogen was measured in duplicate
using the QuantiChrom Urea Assay Kit (BioAssay Systems) per the
manufacturer’s directions and assayed on the PolarStar Optima plate reader
(BMG Labtech).

Spontaneous motion. Transgenic and age and sex-matched wild-type
FVB mice (3, 9, and 13 months old) were individually housed in
Oxymax/Comprehensive Lab Animal Monitoring System (CLAMS) cham-
bers (Columbus Scientific). The spontaneous physical activity of the
animals was quantified by the number of interruptions of the infrared beams
emitted by photocells in the horizontal and vertical planes of the chambers.
The experiments were conducted for 48 hours using regulated 12 hour
day/night cycles, with normal feed conditions during the first 24 hours and
fasted from food during the last 24 hours. Mice were provided water ad
libitum during the entire experiment.

Exercise capacity. The exercise capacity of transgenic and age and
sex-matched wild-type FVB mice was determined by measuring running
time to exhaustion on a variable speed, multilane treadmill at a constant
10 degree angle (Exer-6M, Columbus Scientific). Mice were trained on by
introducing them to the treadmill at slow speeds and once acclimated,
running them under the test conditions. The next day the test was
performed by first running the mice for 5 minutes at the initial speed of
10 meters per minute (m/min) and then the speed was increased by
1 m/min for each additional minute. The time the animals ran on the
treadmill was recorded and the experiment stopped when the mice no
longer avoided the mild electrical stimulus (intensity 8, repetition rate 4)
on the platform at the end of the treadmill belt (intensity 8, repetition
rate 4). The amount of work performed was calculated as work
(Joules) � body weight (kg) � running speed (meters/min) � time
(minutes) � grade (in degrees) � 9.8 (J/kg x m).20

Statistics. For the treadmill and Oxymax motion detection experi-
ments, differences between the 2 groups were assessed using the two-tailed
unpaired Student t test assuming equal variances (Microsoft Excel 2007).
Differences in amyloid deposit formation between doxycycline-treated and
control mice were assessed by 	2 analysis using Microsoft Excel 2007.

Results

Generation of CMV-�6 transgenic mice

Pronuclear injections of the linearized restricted pcDNA-AL080
�6 cDNA expression construct (Figure 1A) produced 74 pups; 5
were positive for the transgene by PCR. This was confirmed by
Southern blotting using probes to both the �6 variable gene and
bovine growth hormone polyadenylation sequence (data not shown).
Three mice were able to pass the transgene to their offspring
(Figure 1B), generating 3 lines (AL26, AL53, and AL55) that were
transgenic for the �6 LC and formally designated FVB-Tg(CMV-
IGL6-AL080)26Dcs, FVB-Tg(CMV-IGL6-AL080)53Dcs, and
FVB-Tg(CMV-IGL6-AL080)55Dcs.

Figure 1. Schematic of the CMV-�6 construct which is transmitted in the
transgenic mouse genome. (A) The CMV-�6 transgenic construct including the
full-length immunoglobulin LC containing a leader (L), variable (V), joining (J), and
constant (C) domain was expressed using the CMV promoter (pCMV) and capped
with the bovine growth hormone polyadenylation sequence (BGH pA). (B) PCR
genotyping of a representative litter of 10 pups (lanes 3-12) generated by crossing a
transgenic line AL55 female (lane 1) and a wild-type male (lane 2) produced 50%
transgene positive offspring as expected. Negative (no DNA, lane 13) and positive
(plasmid DNA, lane 14) controls are present. The vertical line indicates that
noncontiguous lanes from the same agarose gel image are displayed together.

Figure 2. Expression of the human �6 LC protein in
CMV-�6 transgenic mice. (A-F) Immunohistochemistry dem-
onstrating human � LC expression (red-brown staining) in
(A) stomach, (B) bladder, (C) pancreas, (D) kidney, and
(E) heart. (F) Pancreas stained with human � LC antibody
(negative control) is also shown. Antibodies used were Dako
nos. A0193 (�) and A0191 (�). (G-I) Immunoblots of human
� LC expression (top panels) in serum (G), pancreas (H), and
stomach (I) tissue extracts from transgenic (Tg) and wild-type
(WT) littermate mice. 
-actin was used as a loading control
(H-I bottom panel). The anti–human � antibody used was
Sigma-Aldrich no. L5267. The vertical line indicates that
noncontiguous lanes from the same immunoblot image are
shown.
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Transgene expression

Expression of the human � LC protein in the transgenic mice was
assessed by immunohistochemistry and immunoblot analysis of
proteins extracted from organ homogenates. By immunohistochem-
istry, the human � LC was detected in epithelial cells, including
those lining the gastric glands of the stomach (Figure 2A), bladder
(Figure 2B), the exocrine and endocrine pancreas (Figure 2C),
tubular cells of the kidney (Figure 2D), columnar epithelial cells of
the intestine and the cardiomyocytes of the heart in line AL26 only
(Figure 2E). Human � staining was also detected in the esophagus,
trachea, prostate, testis, brain, and spinal cord, but not in the liver,
lung, salivary glands, thymus, lymph nodes, fat, tongue, and bone
marrow. The staining pattern was patchy in some organs but
specific for the human � LC, as antibodies to the human � LC do
not cross-react (Figure 2F), nor does the human � antibody
recognize endogenous mouse LC (data not shown). The immuno-
histochemistry data were confirmed by immunoblot analysis of
protein extracts from organ homogenates using a different poly-
clonal anti–human � LC antibody (Figure 2H-I); organs which had
no detectable staining by immunohistochemistry (such as spleen)
showed no detectable human � LC by immunoblot. Organs from
nontransgenic control littermates were also negative. Human � LC
was detected in serum (Figure 2G) and cerebrospinal fluid which
was collected as described21 (data not shown). The concentration of
circulating human � LC was estimated to be 5-10 mg/L by
immunoblot comparison to known concentrations of LC; this
concentration range is below the limit of detection by nephelom-
etry (data not shown). Other than cardiac expression in line
AL26, no other differences were detected between the 3 lines. Line
AL55 mice were used for the experiments, unless otherwise noted.

Amyloid deposition

Tissues from transgenic mice at various ages from each of the
3 transgenic lines were examined for the presence of Congo
red-staining fibrillar deposits using polarized light microscopy.
Amyloid deposits were found in the lumen of the gastric glands of
the stomach of mice of each of the transgenic lines (Figure 3A-B).
Often, the stomach epithelium was dysplastic and formed polyps
and dilated glands filled with Congophilic material. Immunohisto-
chemical examination of the intraluminal material and the surround-
ing gastric epithelial cells demonstrated positive staining for
human � LC (Figure 3C), but not for the control human � LC
(Figure 3D). Electron microscopic examination confirmed that the
luminal contents contained unbranched fibrils with a diameter of
10 nm, observations consistent with amyloid (Figure 3E). Congo-
philic deposits were not detected in any other organ examined, up
to age 24 months. Fibril deposition increased with age: approxi-
mately 26% of the mice aged 6 months and younger had
Congophilic deposits in the stomach when single sections were
examined, but by 24-30 months of age, 83% of mice had deposits,
which were not detected in the stomachs of aged wild-type
littermates (Figure 4).

Amyloid fibrils were isolated from pooled samples of stomachs
that were confirmed to have amyloid fibrils by Congo red staining
of paraffin sections. Water wash-extracted fibrils17 were confirmed
to contain human � LC by immunoblotting (data not shown). As a
further confirmation that the Congo red-staining deposits in the
lumens of the gastric glands were made up of human � LC protein,
the amyloid deposits were isolated using laser capture microdissec-
tion (LCM). The solubilized proteins from the deposit were
heterogeneous by silver stain on a 10%-15% gradient acrylamide

gel, with an intense band corresponding to the size of the human
� LC (data not shown). Immunoblot analysis confirmed that
the human � LC was present in the microdissected deposits
(Figure 3F).

Neurologic phenotype

As the transgenic mice aged, approximately 20% of the mice
developed a neurologic phenotype characterized by a gait distur-
bance and limb clenching when the mice were picked up by the tail.
This limb clenching behavior has been reported in transgenic
mouse models of neurodegenerative diseases.22

The spontaneous motion of old mice (13 months) who dis-
played the limb clenching phenotype was assessed using the
CLAMS system. Under normal feeding conditions, spontaneous
activity was similar between the transgenic mice and control.
Likewise, under fasting conditions during the day, the activity was

Figure 3. Amyloid deposits in the stomach of CMV-�6 transgenic mice. Stomach
sections were stained with Congo red and counterstained with hematoxylin visual-
ized by brightfield (A) or polarized light microscopy (B). (C-D) Demonstration of
immunohistochemical staining with anti–human � and anti–human � LC, respectively.
(E) Negative staining EM of the contents of the stomach glands in the stomach of a
transgenic mouse with Congo red positive deposits. Fibril diameters are approxi-
mately 10 nm. (F) Immunoblot for human � LC in protein extracted from stomach
amyloid deposits isolated by LCM (lane 1); serum from a transgenic mouse as a
control (lane 2). The vertical line indicates that noncontiguous lanes from the same
immunoblot image are displayed.
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comparable. However, under fasting conditions at night (when the
mice are actively searching for food), the transgenic mice displayed
significantly less spontaneous motion, particularly in the vertical
(rearing) direction (P � .0068; Figure 5A).

The ability of the transgenic mice to run on an inclined treadmill
was compared with that of age-matched wild-type control mice at
3 and 9 months of age. Although younger age (3 months) transgenic
and control mice displayed similar exercise capacity (data not
shown), older CMV-�6 mice demonstrated significant impairment
in their ability to run for extended times (mean 9.5 minutes
vs 15.3 minutes, P � .007) and performed significantly less work
(Figure 5B, mean 178.7 J vs 315.4 J, P � .011).

The neurologic phenotype was correlated with neuropathologic
findings at necropsy. We found that the transgenic mice express the
human LC sporadically in cells of the brain. In addition, we
identified neurons with dystrophic axons in the spinal cord and
medulla (Figure 5C).

Other organ dysfunction

Many patients with AL amyloidosis develop cardiac and renal
dysfunction, which may be caused by a combination of fibrillar
protein deposition and acute toxicity mediated by prefibrillar
aggregates.23,24 Although we did not observe amyloid deposits in
the heart or kidneys of transgenic mice, organ function was
assessed to determine whether there was any evidence of toxicity
because of circulating LC. Cardiac function and the thickness of
heart walls and septums were measured by echocardiography.
Ejection fraction, fractional shortening, heart rate and thickness of
the interventricular septum and left ventricle size were similar
between the transgenic mice and wild-type littermate controls,
including line AL26 which has cardiac expression of the LC. With
respect to renal dysfunction, there was no increase in total urinary
protein secretion or blood urea nitrogen (BUN) levels in the
transgenic mice compared with their wild-type littermates.

Doxycycline inhibition of amyloid fibril formation

CMV-�6 transgenic mice develop amyloid deposits in the stomach
with age, with 26% of the mice having deposition by 6 months.
Transgenic mice of 3-6 months of age, (when 20%-25% of mice
would be expected to have amyloid deposits) were treated with
doxycycline in the drinking water to determine whether treatment
would prevent further deposition. After oral treatment for at least
7 months, 23% (4/17) of the treated mice had Congo red positive
deposits in the stomach, compared with 69% (11/16) of the
untreated controls, P � .00006 (	2 analysis; Figure 6A-B).

Doxycycline disrupts amyloid in vitro

Recombinant amyloidogenic LC samples were incubated with
doxycycline or water alone, then subjected to cycles of heating and
shaking to generate amyloid fibrils in vitro. The formation of fibrils
was visualized by negative stain transmission electron microscopy.
As soon as 24 hours, LC under control conditions began to
aggregate and form protofibrils. This process was inhibited by the
presence of doxycycline, which reduced the number of protofibrils
seen and increased formation of disordered aggregates, in a
dose-dependent manner. By 4 days of incubation, many short,
mature fibrils were observed in the absence of drug whereas small,
broken pieces of fibrils and aggregates were observed with
doxycycline. Images are shown that were obtained at the end of the
experiment, after 5 days of incubation. In water, the recombinant
LC formed mature and intact amyloid fibrils (Figure 6C), whereas
in the presence of doxycycline, the fibrils that resulted were
disorganized, broken, and had frayed ends (Figure 6D-E). Both the
high and low concentrations of doxycycline disrupted amyloid
fibrils, with the higher dose having a greater effect. A second

Figure 4. Age-dependent increase in amyloid deposition in CMV-�6 mice.
Proportion of transgenic mice at various ages with amyloid deposits in stomach
sections detected by Congo red staining of a single section of stomach. Groups
included mice that were � 6 months (n � 19), 6-12 months (n � 18), 12-18 months
(n � 54), 18-23 months (n � 29), and 24-30 months of age (n � 6).

Figure 5. Neurologic phenotype in CMV-�6 mice. (A) The transgenic mice
displayed less spontaneous activity compared with wild-type controls when fasted
overnight (P � .018 horizontal, P � .0068 vertical, n � 4 each group). (B) Exercise
capacity on an inclined treadmill was diminished in older transgenic mice compared
with age-matched controls (P � .011, n � 4 each group). (C) H&E-stained section of
spinal cord revealing dystrophic neurons (example denoted as *) in an old transgenic
mouse with the limb clenching phenotype.
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independent experiment gave similar results. To test the effect of
doxycycline on patient fibrils ex vivo, amyloid fibrils were
extracted from autopsy tissue obtained from the patient from which
the transgene was derived and incubated with doxycycline. Numer-
ous large aggregates were detected after incubation of tissue-
extracted fibrils with doxycycline, confirming a direct interaction
between the drug and the fibrils (Figure 6F).

Discussion

We have developed a transgenic mouse model in which expression
of a full-length human amyloidogenic Ig LC reproducibly and
consistently produces amyloid deposition in the stomach. The LC
variable region is derived from the �6 germ line gene family, a
variable gene rarely used in the normal expressed repertoire but
detected in approximately 18% of patients with AL amyloidosis.25

To our knowledge, this is the first report of transgenic mice
developing fibrillar deposits of human amyloidogenic Ig LC.
Amyloid can form in the kidney of mice after injection of � 5 g of
purified human urinary LC,11 but this model is not practical for
serial studies of disease and treatment. As an alternative, we
developed a model in which the LCs are continuously produced by
implanted stably transfected plasmacytoma cells secreting an
amyloidogenic human LC.26 Although this model obviates the need
to purify protein for injection, it is limited by the size of the
plasmacytoma, and can typically be used for 4-6 weeks. In this time
frame, circulating amyloidogenic LCs have acute effects on the
renal and cardiac system, as well as inducing a potentially
protective response in an increase of the redox sensitive heme
oxygenase-1 protein in the heart, originally described in treated
primary cardiomyocytes.4 Amorphous LC deposits occur in the
kidney tubules of mice implanted with plasmacytoma cells
that were transfected with 3 different patient-derived LC genes
(2 �6 and 1 �1). These experiments have been carried out in
syngeneic wild-type mice and repeated in RAG1�/� (recombinase

activating gene) mice, which do not mount an immune response
because of a lack of B and T lymphocytes.

The expression of a human LC in mice from birth prevents the
mouse immune system from identifying the human LC as a foreign
protein. Consequently the LC is present for the entire lifetime of the
mouse. Using the CMV promoter, LC were expressed mainly in
epithelial organs and low levels of human LC were detected in the
serum at levels comparable with healthy people, although in this
case the human LC is a single clonal species and amyloidogenic.
The CMV-�6 transgenic mice develop amyloid deposits at a local
site in the lumen of the stomach. Amyloid in the stomach is not a
frequent manifestation of disease, but has been reported.27,28

Factors that promote fibrillogenesis at this site may include the
local concentration of LC or the acidic environment of the stomach;
acidic conditions promote fibrillogenesis in vitro.29 The Congo-
philic material in the transgenic mouse stomach was confirmed to
have the ultrastructural characteristics of amyloid including
unbranched fibrils of 10 nm diameter when examined by electron
microscopy. As expected, the fibrils were composed of human
� LC by immunohistochemistry and immunoblot analysis of the
extracted and laser microdissected fibrils. Mass spectrometry30 has
not been done but would undoubtedly be confirmatory.

In some transgenic models, overexpressed amyloidogenic pro-
teins may interact with the endogenous wild-type protein. In human
transthyretin (TTR) transgenics, the mice can form hybrid tetram-
ers of human mutant and wild-type mouse TTR subunits; this
process is thought to stabilize the mutant protein.31 Alternatively,
interactions of transgenic and endogenous proteins may promote
fibril formation, as in prion transgenic mice.32 However, in the case
of the CMV-�6 transgenic mice, this situation does not appear to be
the case as the transgenic mouse has been crossed to the RAG1�/�

background, which has no endogenous mouse Ig heavy or LC, and
no alteration was observed on phenotype (data not shown).

In TTR transgenic mice, expression and phenotype do not
always parallel the disease in humans. This could be a result of
differences in accessory molecule expression in mice such as

Figure 6. Doxycycline prevents amyloid deposition in
vivo and directly interacts with LC in vitro. (A) In
control CMV-�6 transgenic mice drinking water alone,
69% (11/16) had Congo red positive deposits in the
stomach. (B) Deposits were inhibited by oral administra-
tion of doxycycline in the drinking water, identified in only
23% (4/17) of the treated mice (P � .00006, 	2 analysis).
(C) For a 5-day period of incubation, recombinant amy-
loidogenic LC in vitro form typical amyloid fibrils, as
visualized by negative stain TEM, (D) whereas incubation
with 250 mg/L doxycycline resulted in degraded and
broken fibrils and disorganized bundles of immature
fibrils (data not shown). (E) With 15 mg/L doxycycline,
broken fibrils with frayed ends were observed. (F) Amy-
loid fibrils extracted from autopsy material formed numer-
ous large aggregates after incubation with doxycycline.
(C-E) Magnification �42 000, bar � 100 nm; magnifica-
tion �10 000, bar � 500 nm.
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glycoaminoglycans, or other tissue-specific factors. The strain of
the mouse is also a potential modifying factor in TTR transgenic
mice, with some strains being protective and others promoting
amyloid formation.33 C57/BL6 mice were more susceptible to
disease caused by expression of a mutant human TTR transgene.
We have bred the CMV-�6 transgene into the C57/BL6 background
and have observed no increase in fibrillogenesis, so this strain may
not promote the AL phenotype (data not shown).

In AL amyloidosis, the amyloidogenic LCs are produced by
clonal bone marrow plasma cells. The use of a B cell specific
transgenic promoter might more faithfully recapitulate this process,
but a previously reported attempt to express a � LC transgene
found that premature LC expression blocked early B cell develop-
ment.34 We used the human CMV immediate early promoter in an
attempt to achieve high local concentrations of LC in target organs.
Different transgenic mice using the immediate early CMV pro-
moter have displayed diverse transgenic expression patterns that
have not generally been as ubiquitous as the promoter when
expressed in tissue culture cells. Although gene expression with the
CMV promoter in transgenic mice has been reported in a variety of
epithelial organs, exocrine organs, heart or skeletal muscle, brain
and testis, protein production is often restricted to certain cells
types in these organs.35-37 One of the 3 lines (AL26) had expression
of the � LC protein in the heart by immunoblot analysis, and
IHC further identified that the LC was expressed in the muscle cells
of the heart. Nonetheless, no cardiac phenotype was observed in
these mice.

Approximately 20% of the CMV-�6 mice displayed hind limb
clenching, gait disturbance, and ataxia corresponding to dystrophic
neurons in the medulla and spinal cord of older mice. Patients with
AL amyloidosis can develop peripheral and/or autonomic neuropa-
thy.38 Axonal degeneration, usually without demyelination, has
been observed in areas where amyloid deposits are located in the
proximal dorsal root and sympathetic ganglia, peripheral nerves,
epineural and endoneurial connective tissue, and around the
endoneurial microvessels.39 It has been hypothesized that neuropa-
thy could be a result of physical compression of the nerve by
amyloid deposits or the consequence of ischemia because of
perivascular amyloid deposits. In our transgenic mouse model, no
amyloid fibrils were detected in the brain, spinal cord, or peripheral
nerves. However, LC were produced by some cells in the medulla
and spinal cord, and human LC was detected in the CSF by
immunoblotting (data not shown). Toxic prefibrillar LC could
contribute to the axonal dystrophy. Dystrophic axons are a hall-
mark of Alzheimer pathology40 and may arise from a disruption of
axonal motor transport.41 The limb clenching phenotype observed
in out transgenic mice has also been observed in other mouse
models of neurodegeneration and axonal transport disruption, such
as with mutations in the dynein motor protein.22,42 Further study is
warranted to investigate the neurotoxic effects of nonfibrillar
species, as neuropathology has been understudied in AL amyloido-
sis and could be an early marker of disease progression.43

The deposition of amyloid in the lumen of the gastric glands of
the stomach allows the model to be used to test potential oral
therapeutics. We analyzed the ability of doxycycline to inhibit
amyloid fibril formation, based on the previous observations by
Cardoso et al in an FAP transgenic mouse model.44,45 The
frequency of mice with amyloid deposits was significantly de-
creased in CMV-�6 mice receiving doxycycline in their drinking
water. Tetracyclines, including the derivative doxycycline, have
been shown in vitro to inhibit amyloid fibrillogenesis, cause
disruption of fibrils, and produce noncytotoxic aggregates with

TTR and A
 peptides.46,47 In our study, we present evidence that
doxycycline interacted with LC in vitro causing disruption of fibril
formation in the recombinant LC experiment and degradation of
mature LC fibrils extracted from tissue. Doxycycline was studied at
2 concentrations in vitro, 250 mg/L, which is half the concentration
of the drug in the mouse water bottles, and 15 mg/L, the human
serum concentration achieved with the standard prescribed dosage
of doxycycline.48 Results with doxycycline were similar for both
the fibril formation experiments and testing of the ex vivo fibrils, ie
fibrils were disrupted at both concentrations of drug, with the
higher concentration having the most effect. Doxycycline is also an
inhibitor of matrix metalloproteinases (MMP), including MMP-9,
an important contributor to extracellular matrix (ECM) remodel-
ing. MMP-9 has been reported to be elevated in the serum, heart,
and kidneys of patients with AL amyloidosis; levels are elevated in
the stomachs of these transgenic mice with amyloid deposits (data
not shown), and MMPs may contribute to the pathogenesis of
amyloid-induced organ damage.49,50 Thus, treatment with doxycy-
cline may be beneficial through multiple mechanisms. Further
investigation of doxycycline and tetracycline derivatives may be
warranted in AL amyloidosis to determine whether such com-
pounds can inhibit amyloid formation at other sites. Drug effective-
ness will depend on bioavailability and possibly tissue-specific
factors. If efficacious, doxycycline may offer a much needed
therapeutic targeted to the amyloid deposits, which in combination
with existing antiplasma cell therapies, may offer a more complete
approach to the eradication of this devastating disease.

In conclusion, we have generated a transgenic mouse model that
forms amyloid deposits composed of human Ig LC. This model will
be useful for the study of local factors that affect amyloidogenesis,
including tissue factors such as pH, and locally acting accessory
molecules and cofactors such as chaperones. Furthermore, the
presence of amyloid in the stomach has made this model useful for
studying orally available drugs and dietary supplements that could
alter amyloid formation in this site. We have successfully used this
model to assess the antifibril properties of doxycycline. Based on
these results, doxycycline or other tetracycline analogs should be
considered for testing in patients with AL amyloidosis through con-
trolled clinical trials, as is being done in other systemic amyloidoses.
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