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Abstract: The pathogenesis of ricin toxicity following inhalation has been investigated in many
animal models, including the non-human primate (predominantly the rhesus macaque), pig, rabbit
and rodent. The toxicity and associated pathology described in animal models are broadly similar,
but variation appears to exist. This paper reviews the published literature and some of our own
unpublished data and describes some of the possible reasons for this variation. Methodological
variation is evident, including method of exposure, breathing parameters during exposure, aerosol
characteristics, sampling protocols, ricin cultivar, purity and challenge dose and study duration. The
model species and strain used represent other significant sources of variation, including differences
in macro- and microscopic anatomy, cell biology and function, and immunology. Chronic pathology
of ricin toxicity by inhalation, associated with sublethal challenge or lethal challenge and treatment
with medical countermeasures, has received less attention in the literature. Fibrosis may follow
acute lung injury in survivors. There are advantages and disadvantages to the different models
of pulmonary fibrosis. To understand their potential clinical significance, these factors need to be
considered when choosing a model for chronic ricin toxicity by inhalation, including species and
strain susceptibility to fibrosis, time it takes for fibrosis to develop, the nature of the fibrosis (e.g.,
self-limiting, progressive, persistent or resolving) and ensuring that the analysis truly represents
fibrosis. Understanding the variables and comparative aspects of acute and chronic ricin toxicity by
inhalation is important to enable meaningful comparison of results from different studies, and for the
investigation of medical countermeasures.

Keywords: ricin; inhalation; comparative anatomy; comparative pathology

Key Contribution: Understanding the variables and comparative aspects of acute and chronic
ricin toxicity by inhalation is important to enable meaningful comparison of results from different
studies and for the investigation of medical countermeasures. This paper presents factors potentially
contributing to variation between studies, including methodological, species and strain factors.
Chronic pathology, from sublethal exposure or lethal exposures with countermeasures, has received
less attention in the literature; therefore, factors to consider in this area are discussed.

1. Introduction
1.1. Ricin Toxin and Mechanism of Action

Ricin is a type 2 ribosome-inactivating protein (RIP) from the seeds of the castor oil
plant (Ricinus communis) [1]. Type 1 RIPs are a single-A-chain entity, with little toxicity
to animal cells [1,2]. Type 2 RIPs exist as dimeric protein toxins with an A chain with
catalytic properties and a B chain with cell-binding properties [2]. The uptake of ricin into
cells is undertaken via endocytosis, in which ricin binds to cell surface oligosaccharides [1]
or mannose receptors [3,4]. There are multiple, sometimes conflicting, reports on the
expression of mannose receptors in different cell populations [3,5–7] (see Section 1.3 for
more details). Once in the cytosol, depurination of a single adenine residue (located in the
sarcin-ricin loop) of ribosomal 28S RNA leads to arrest of mRNA translation by preventing
binding of elongation factor-2 to the ribosome [2]. It is suggested (data are lacking), that
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~2000 ribosomes are inactivated per minute by one ricin molecule [8]. Concomitantly, an
initiation of events leading to an inflammatory response begins [6,9]. Actions of RIPs
beyond ribosome inactivation are due to broader enzymatic activity, such as the release of
adenine from DNA and other polynucleotides; thus, inhibition of protein synthesis may
be just one mechanism of RIP-mediated cell death [10]. Sequelae include cell death (e.g.,
necroptosis, apoptosis) [10], changes in mRNA expression [11], ribotoxic stress response and
nuclear factor kappa B pathway activation, NALP3 inflammasome-mediated interleukin
1B activation, release of pro-inflammatory mediators [9,12] and oxidative stress, including
exacerbation of tissue damage by reactive oxygen species [13].

1.2. Respiratory Tract Deposition, Distribution and Clearance of Inhaled Ricin

Tissue deposition, clearance and distribution vary between method of exposure,
species and dose. A greater deposited dose has been reported to be associated with
slower clearance, and increased lung damage occurs at higher ricin doses [14].

In a low-dose (a dose which kills 20–30% of the study population; LD20-LD30) intratra-
cheal instillation model, ricin was detected using ELISA in the lung wash of Porton Wistar
rats associated with the fluid fraction, and to a small extent the cell fraction, at 24 h after
instillation, but was no longer detectable in lung wash at 48 h. Ricin was, however, still
detectable within lung tissue at 48 h [15].

In an experiment exploring nose-only exposure to aerosolised ricin, using Sprague
Dawley rats (exposed for 20 or 40 min) and BALB/c mice (exposed for 20 min), ricin
clearance was investigated using ELISA of tissue homogenates. Ricin was detected in the
nasal turbinates 15 min after exposure, up to 1 h later in mice, and up to 4 h later in rats.
Ricin was only detectable in the larynx and trachea of rats exposed for 40 min, clearing
with a half-life of 7.62 h [14].

The pulmonary deposition (ng per gram of lung tissue) for similar aerosol concentra-
tions of ricin was 2-fold higher in mice than rats after 20 min of exposure, but the clearance
half-lives were comparable [14]. In rats, ricin deposition following 40 min of nose-only
exposure was reported to be just over twice the deposition observed following 20 min of
exposure [14]. In rats, ricin cleared the lung over a period of 48–72 h; however, animals
exposed for 40 min (in this study) did not survive to 72 h. The half-life for ricin clearance
appeared to be more than 2.5 times greater in rats in the 40 min exposure group (16 h half-
life) than the 20 min exposure group (6 h half-life). The authors suggested this may be due
to damage to the lung affecting clearance mechanisms in the higher-exposure group [14];
however, the confidence limits for these data were quite wide.

In a study by another group, a head-only exposure of BALB/c mice to a 3 × LCt50
dose (3 × the concentration time product which will kill 50% of the study population) of
aerosolised ricin, ricin was measured via ELISA in fluids and tissues. Ricin was detected
within nasal wash 1 h after exposure, but this was found to have diminished significantly
when measured 4 h after exposure. This was suggested to be the result of rapid mucociliary
clearance. In contrast, ricin was detected in lung lavage fluid for at least 16 h [16].

Bulk flow is the predominant mechanism of ventilation proximal to the terminal
bronchioles [17,18]. Particle size should be considered when exploring deposition within
the respiratory tract. There are many factors that can affect deposition [19,20], but in
general, the dominant mechanism of deposition for large, inhaled particles (>5 µm) is
impaction. Medium particles (~1–5 µm) are typically deposited via impaction and sedi-
mentation, whilst for small (<~0.5µm) particles, the dominant mechanism of deposition is
diffusion [17,19,20]. Diffusion becomes the dominant mechanism of ventilation in the respi-
ratory zone, due to the massive increase in the cross-sectional area of the airways, reducing
airflow. In small airways (e.g., respiratory bronchioles), sedimentation of particles that are
too large to diffuse into alveoli occurs due to their “negligibly small diffusion rate” [17].

Ricin particle size within the inhaled airstream and deposition has been investi-
gated [21,22]. In mice exposed to a nose-only aerosol, it was found that with larger ricin
particles (5–12 µm), most of the ricin particles were found in the trachea, with ~20% in
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the lungs [22]. Smaller particle sizes (1 µm) penetrated more successfully (~60%) into the
lungs [21,22]. This resulted in mice receiving supra-lethal doses of the smaller particles
dying within 72 h, whilst those receiving larger particles survived [22]. A caveat, however,
is that there were a number of factors within the experimental methods that could have
affected regional distribution patterns and rates of deposition in this study [22].

Schlesinger’s (1985) review of comparative deposition of inhaled aerosols presents a
comprehensive exploration of factors, including particle characteristics, respiratory tract
anatomy and respiratory parameters (which can be affected by anaesthesia, for example)
during exposure [19]. An interesting conclusion, from a comparative aspect, is that humans
reach a peak deposition efficiency in the alveolar region at a higher particle size (approx.
2–4 µm) than in experimental animals (approx. 1 µm) [19]. Darquenne (2020) explores
deposition in humans, and some of the factors affecting this [20].

1.3. Pathogenesis of Inhaled Ricin Toxicity

Injury associated with inhaled ricin toxicity is mostly confined to the lungs, including
marked interstitial pneumonia associated with local pro-inflammatory cytokine release,
massive neutrophil infiltration, vascular hyperpermeability, perivascular and alveolar
oedema, fibrin deposition, haemorrhage and diffuse airway epithelial necrosis involving
all lung lobes [12,23,24]. Eventually, flooding in the lungs leads to respiratory insufficiency
and death [12]. These changes in the lungs can be summarised as acute lung injury, with
clinical signs resembling acute respiratory distress syndrome [6,12]. Understanding the
pathogenesis (and any possible variation between species and strains) is important when
investigating targets and timings for potential medical countermeasures.

In mice, it has been demonstrated that it takes 48 h to reach maximum depurination,
but there are variable effects on different cell populations [2], due to cell accessibility and cell
surface receptors [6]. For example, in a CD-1 mouse model using intratracheal instillation,
some cell types bound the toxin early (1–6 h) and some later (18–24 h), and a third group
bound the toxin at both the early and later stages after intoxication [6]. This study reported
that in the early stages after exposure, pulmonary macrophages (1 h) and dendritic cells
(3 h) appear to play an important role in controlling the severity of intoxication, scavenging
and degrading ricin via mannose-receptor-mediated uptake, and the cells are eliminated
soon after [6], with macrophages contributing to pulmonary inflammation (macrophage
responses have been explored in multiple studies) [6,11,14,25–27]. Binding in ‘alveolar
epithelial cells’ (specific binding to type I or II not stated) did not peak until 6 h after ricin
exposure, but only type II pneumocytes were eliminated late after intoxication [6]. The late
stage includes binding of a second population of dendritic cells (which were proposed not
to have mannose receptors; 18 h), B cells (18 h) and pulmonary endothelial cells (24 h), with
a third of the endothelial cells eliminated by 72 h after intoxication [6].

The massive recruitment of neutrophils contributes to acute lung injury [11,28]. En-
dothelial cell dynamics are affected by direct cytotoxicity of ricin, opening of endothelial
gaps and leukocyte-mediated injury [29]. The resultant compromise for the air–blood
barrier involves both extracellular (e.g. junction protein damage by matrix metallopro-
teinases) and cellular (epithelial and endothelial) damage and death, resulting in pulmonary
oedema [6,28]. If acute intoxication is survived, type II pneumocyte hyperplasia becomes
evident 96 h after exposure [30].

2. Animal Models of Ricin Toxicity by Inhalation

There exists one poorly documented report of ricin toxicity (sublethal) by inhala-
tion in humans [31]; therefore, most information comes from animal models. Rhesus
macaque [29,32–36], pig [24], rabbit [37], rat [14,38] and mouse [11,14,30,39–42] models of
ricin toxicity by inhalation have been used. Administration of ricin into the respiratory
tract has been carried out by (i) nose-only [14,37,40,42], (ii) head-only [11,29,32–36,38,41],
and (iii) whole-body [30] exposure to an aerosol, or (iv) intratracheal instillation [24,39].
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The single report of sublethal ricin toxicity by inhalation in humans described the
clinical signs and symptoms in the eight individuals involved, 4 to 8 h after exposure
to a sublethal dose. These included fever, nausea, cough, dyspnoea, chest tightness and
arthralgias [31]. These are, however, broadly consistent with the signs observed in rhesus
macaques (fever, altered breathing rate, dyspnoea) [35,43] and rodents (dyspnoea) [14], and
flooding of alveoli and inflammation are consistent across species [21]. The expected clinical
signs and symptoms following inhalation of a lethal dose of ricin in humans have been
extrapolated and summarised by Griffiths (2011) [21] as a gradual feeling of lassitude, loss
of interest in surroundings, loss of appetite, dyspnoea and wheezing and death occurring
with anoxic convulsions.

2.1. Toxicity of Inhaled Ricin

The dose which kills 50% of a study population (LD50), for ricin toxicity by inhalation
in some of these animal models is summarised in Table 1. Although it is conventional
in inhalation toxicology to express lethal challenges as the concentration time product
which kills 50% of the study population (LCt50) [21], the lethal challenges are listed as
median LD50 to allow easy comparison with other routes of exposure to ricin. The LD50
for an aerosol exposure is calculated from the LCt50 and uses the inhaled minute volume
as determined using either a literature-derived estimate (most common) or measurement
prior to or during the exposure using plethysmography (less common).

There are multiple potential sources of variation in toxicity. Ricinus communis cultivars
exhibit varying morphology of the plant and seeds, and isotoxins of ricin have been shown
to have differing chemical properties, which are thought to affect toxicity [1,21,23,44].
Whether the ricin preparation is a crude or pure extraction is also important [1]. The animal
models described include a number of methods of exposure of the respiratory tract to the
ricin toxin, introducing variability. These include head-only, nose/muzzle-only and whole-
body exposure to an aerosol of ricin, or intratracheal instillation of ricin toxin. Assumptions
used to calculate dose (total or retained estimate), aerosol characteristics including particle
size delivered and respiratory parameters and animal species and strain differences may
also contribute to variation [1,14,19,22].

Table 1. LD50 cited for toxicity of ricin by inhalation.

Strain Exposure LD50 (µg/kg) Reference

Mouse

C57/BL6 Intratracheal
instillation 10 (estimated) [39]

BALB/c Whole body 14.0 [30]

BALB/c Whole body 11.2 Cited by [1]

BALB/c Not stated 1.0–10.0 (varying
particle sizes) [22]

BALB/c Head only 10.4 [41]

BALB/c Nose only 0.58 (inconsistent
aerosol concentration) [14]

Swiss Webster Nose only 4.0 [40]

BXSB Not stated 2.8 Cited by [1]

CD-1 Nose only >3.0 [42]
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Table 1. Cont.

Strain Exposure LD50 (µg/kg) Reference

Rat

Porton Wistar Head only 3.7 (var. Hale Queen) [1,45]

Porton Wistar Head only 9.8 (var. Zanzibariensis) [1,45]

Sprague Dawley Nose only
0.24 (assuming 20%

deposition and an assumed
minute volume)

[14]

Rabbit

New Zealand White Muzzle only 3.0 [37]

Pig

Yorkshire x Landrace Intratracheal
instillation

LD50 not stated. A 1 µg/kg
does resulted in no signs,

3 µg/kg resulted in death of
all animals.

[24]

Non-human primates

Rhesus macaque Head only 15.0 Cited by [1]

Rhesus macaque Head only 15.5 Dstl unpublished
data

Rhesus macaque Head only 5.8 [29]

African green
monkey Not stated 5.8 Cited by [1]

2.2. Comparative Anatomy Relevant to Ricin Toxicity by Inhalation

Anatomical differences in the respiratory tract between species alter their ability to
filter larger airborne particulates, the penetration of inhaled material through the respiratory
tract, cellular composition (‘targets’ for ricin toxin), functional response to xenobiotics and
clearance [1]. The immune response between species is also a source of variability [46,47].
Table 2 summarises the broad anatomical differences between the human, non-human
primate, pig and rodents (although there may also be strain variability within a species). The
cell types that line the respiratory tract vary in type and distribution between species, and
there are some differences between the biology of the same cell types in different species.

Briefly, the cell types and their functions are as follows. Ciliated cells function to
move the mucous blanket and particulate matter up the airways. Club cells have multiple
functions, including immune modulation, xenobiotic metabolism (possess cytochrome
P-450-dependent mono-oxygenase system) and synthesis of components of the mucociliary
blanket, and serve as a progenitor of ciliated cells [48,49]. Goblet cells secrete mucins,
and serous cells produce secretions containing enzymes (bactericidal, for example). Basal
cells, found at the base of epithelial cell layers, are stem or progenitor cells for the epithe-
lium [48,49]. Other cells that may be present within the respiratory tract epithelia include
neurosecretory or neuroendocrine cells, brush cells (considered sensory receptors) and
cells of the immune system [48–50]. The variations in cell types, distribution and biology
between species and strains may contribute to the variation in toxicity, lesion distribution
and responses to (and windows of opportunity for) medical countermeasures.
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Table 2. Comparative features of the respiratory tract of humans, non-human primates, pigs, rats
and mice. Information summarised from multiple sources and may vary between strains [1,48–59].

Anatomical Feature Human Rhesus Macaque Pig Rat Mouse

Obligate nasal
breather No No No Yes Yes

Complex turbinates No No Yes Yes Yes

Right lung
Left lung

3 lobes
2 lobes

4 lobes
3 lobes

4 lobes
3 lobes

4 lobes
1 lobe

4 lobes
1 lobe

Airway branching Dichotomous branching Monopodial branching

Nasal Cavity

Vestibule Stratified squamous epithelium (thinner in rodents).

Nasal transitional
epithelium

Located between stratified squamous epithelium and respiratory epithelium.

Thick, stratified, few ciliated,
epithelium, including
occasional goblet cells.

Non-ciliated columnar epithelium.

Thin, pseudostratified,
non-ciliated, basal, columnar
and cuboidal epithelium with

scattered ciliated cells.
Contains abundant smooth

endoplasmic reticulum (P450)
for xenometabolism.

Nasal respiratory
epithelium

Covers most of the nasal
cavity of primates.

Psuedostratified, ciliated,
columnar epithelium.

Gradual increase in goblet cell
density anterior to posterior.

Varies according to intranasal
location.

Psuedostratified, ciliated, columnar
epithelium with goblet cells appearing

by the nasopharynx. Thick basal
lamina.

<50% nasal cavity.
Ciliated, goblet and basal cells.

Lesser numbers of
non-ciliated cells,

chemoreceptor and brush cells.
P450 for xenometabolism.

Varies according to intranasal
location.

Nasal olfactory
epithelium

<3% of nasal cavity of human.
Lines the medial superior

vertical lamellae of the
superior turbinates and the

corresponding superior
septum. There is, however,

considerable variability
among individuals.

~5% of nasal cavity
in monkeys.

Present on dorsal
parts of the nasal
septum, medial
turbinates, and

lateral wall.

Present on
caudodorsal,

portion of nasal
cavity, dorsal
nasal meatus,
nasal septum
and ethmo-
turbinates.

~50% of nasal cavity of rats
and mice.

P450 for xenometabolism.
Lines upper caudal third of
the septum, dorsal meatus,

caudolateral wall and dorsal
aspects of ethmoturbinates.

Psuedostratified, columnar, neuroepithelium.
3 cell types: Olfactory sensory neurons, basal cells and sustentacular cells.

Anatomical feature Human Rhesus macaque Pig Rat Mouse

Lateral nasal gland Absent

Secretory products drain into nasal vestibule. Major site of synthesis and
secretion of odorant-binding proteins.

Synthesises large amounts of immunoglobulin A. High metabolic
capacity, potential target for secondary metabolites of inhaled or ingested

xenobiotics.

Trachea

Ciliated cells 49% 33% Present 32–41% 39%

Club cells 0% 0% Not reported 0% 49%

Goblet cells 9% 17% Present <1–2% <1%

Serous cells 0% 0% Not quantified 27–42% <1%

Basal cells 33% 42% Not quantified 13–27% 10%

Other 9% 8% Not quantified 0–13% 1%
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Table 2. Cont.

Anatomical Feature Human Rhesus
Macaque Pig Rat Mouse

Proximal intrapulmonary airways

Ciliated cells 37% 44% Present 35% 28–36%

Club cells 0% 0% Not reported 0% 59–61%

Goblet cells 10% 15% Present <1% <1%

Serous cells 3% 0% Not quantified 21% <1%

Basal cells 32% 32% Not quantified 27% <1%

Other 18% 8% Not quantified 16% 2–14%

Terminal bronchioles

Ciliated cells 52% 50% Proximally only 55% 20–40%

Club cells 0% 0% Present 37%/40–65% 60–80%

Goblet cells Present 20% Absent 0% 0%

Serous cells 35% Not quantified Not quantified 0% 0%

Basal cells <1% 10% Not quantified 0–<1% <1%

Other 13% Not quantified Not quantified 8% 0%

Respiratory bronchioles

Ciliated cells Present <10%

Respiratory bronchioles often lacking (further
characterisation of variation between strains required).

Club cells Present >90%

Goblet cells Present Present

Serous cells Present Present

Basal cells Present Present

Alveoli

Size (mean linear intercept) 210 µm 200 µm 133 µm 100 µm 80 µm

Blood–gas barrier thickness 0.62 µm 0.65 µm 0.2–0.6 µm Not reported 0.32 µm

Airway mucus

Mucus and mucin
glycoproteins

Species differences and significances to be determined. Pigs have numerous submucosal glands in
the trachea and bronchi.

2.3. Comparative Pathology of Acute Ricin Toxicity by Inhalation

The pathological changes associated with acute ricin toxicity are broadly similar
between species and are detailed for each species at each level of the respiratory tract
below. A notable difference includes the rarity of lesions reported (when included in
necropsy protocols) in the nasal cavity of the rhesus macaque, compared to the rodent
models (see descriptions for each tissue below for more detail). There has been observation
of inflammation of the nasal septum of the rhesus macaque in a chronic study [29]. One
speculated cause could be the differences in the biotransformation capability of the cell
populations (see Table 2) present in the nasal mucosa [60]. The inclusion of nasal cavity
samples in necropsy protocols could be considered in future experiments to investigate
this further. Another difference is the occurrence of pulmonary oedema in BALB/c mouse
models of acute ricin toxicity by inhalation, where it may be present [11] in mice exposed
to low doses of ricin, or absent following exposure to high doses [14]. Differences highlight
the requirement to select the appropriate species and strain for the model objectives as well
as challenge dose.

Table 3 is a summary of the models cited (acute and chronic pathology), comparing
the method of exposure, dose, end point(s) and if a countermeasure was used.
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Table 3. Animal model comparisons; summarising the animal models cited.

Reference Countermeasure Route of Entry Dose End Point(s)

Rhesus macaque

[32] None Inhalation, head only 27.2–41.8 µg/kg 48 h

Dstl unpublished data Antitoxin Inhalation, head only 3 × LD50 11–14, 90 days

[29] None Inhalation, head only
13.2–27.3 µg/kg (lethal)

1.9–5.2 µg/kg
(sublethal)

30–48 h, 11 days

[33] None Inhalation, head only 9.4–38.5 µg/kg (lethal)
~3 µg/kg (sublethal) 25–52 h, 11–20 days

[34] Vaccination Inhalation, head only 12–38 µg/kg 14 days

[35,36]
Antitoxin (monoclonal

antibody) 4 or 12 h
after exposure

Inhalation, head only 3 × LD50 14 days

Pig

[24] None Intratracheal
instillation 3 µg/kg 30–70 h

Rabbit

[37] Vaccination Inhalation, muzzle only 10–30 × LD50 95 days

[61] None or topical wash Topical ocular 1 µg–100µg 24 h, 7 days

Rat (Porton strain)

Dstl unpublished data None Inhalation, head only Various 21 days

[38] None Inhalation 11.21 mg/min/m3

(LCt30)
48 h

Reference Countermeasure Route of entry Dose End point(s)

Rat (Sprague Dawley)

[14] None Inhalation, nose only 0.12 µg/L 7 days

Mouse (BALB/c)

[14] None Inhalation, nose only 0.01 µg/L 7 days

[30] None Inhalation, whole-body
exposure 14 µg/kg 196 h

[11] None Inhalation, head only 11.08 µg/kg 96 h

Dstl unpublished data None Inhalation, head only 3.5 or 5.2 mg/min/m3 96 days

Mouse (C57Bl/6)

[39] None Intratracheal
instillation 20, 50 and 200 µg/kg 48 h, 4 weeks

Swiss Webster

[40] Vaccination Inhalation, nose only 1–16 µg/kg (inhalation) 14 days

2.3.1. Nasal Cavity
Rhesus Macaque

Frothy fluid may flow from the nares at death [32]. In studies examining the nasal
cavity, no acute lesions were reported [29,34]. Acute, necrotising inflammation has been
observed in a single animal exposed to aerosolised ricin (Dstl unpublished data).
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Rabbit (New Zealand White)

The pharyngeal mucosa may appear reddened with brown mucoid material on the
nasal or ethmoid turbinates, reported on the superior and more caudal portions [37].
Histopathological changes include heterophilic inflammation and necrosis of respiratory
epithelial cells of the nasal cavity and turbinates [37].

Rat (Sprague Dawley)

Lesions are described primarily at the level of nasal turbinate 1, with minimal-to-mild
mucous cell hyperplasia and hypertrophy, not associated with dose [14].

Mouse (BALB/c)

Lesions are described primarily at the level of nasal turbinate 1, presenting as minimal
inflammation [14].

2.3.2. Larynx and Trachea
Rhesus Macaque

Frothy fluid may extend from the lungs into the conducting airways. Animals may
exhibit mild suppurative laryngitis and/or tracheitis, epithelial degeneration and submu-
cosal oedema, and the tracheal lumen may contain fibrin, cellular debris and extravasated
erythrocytes [29,32,34]. Tracheal inflammation has been reported as diffuse, acute inflam-
mation on a background of chronic inflammation [32], and in two animals as focal and
ulcerative (Dstl unpublished data).

Rabbit (New Zealand White)

The laryngeal and tracheal mucosa may be reddened with froth in the trachea. Histopatho-
logical changes described include inflammation and necrosis of epithelial cells of the larynx
and trachea [37].

Rat (Porton Wistar)

Necrosis of the epithelia at all levels of the respiratory tract from the larynx to the
alveoli has been observed. The trachea may be oedematous and contain sloughed necrotic
material and haemorrhage (Dstl unpublished data).

Rat (Sprague Dawley)

Dose-dependent mild to moderate mucosal and submucosal inflammation has been
reported in the larynx. Mucosal epithelial apoptosis and necrosis were observed in rats
dying from exposure. Mucosal epithelial degeneration (dose-dependent) and squamous
metaplasia occurred [14]. Epithelial inflammation, cell death and degeneration also devel-
oped in the tracheas of rats dying following ricin inhalation, and the severity was described
as dose-dependent. In survivors, half of the animals had residual inflammation, whilst all
of the survivors exhibited epithelial degeneration [14].

Mouse (BALB/c)

Dose-dependent minimal to mild mucosal and submucosal inflammation has been
reported in the larynx. Mucosal epithelial apoptosis and necrosis were observed in mice
dying from exposure [14]. Dose-dependent epithelial inflammation, apoptosis/necrosis
and degeneration were observed in the trachea of mice dying following intoxication, but
were rare in survivors [14].

2.3.3. Lungs
Rhesus Macaque

The lungs have been frequently described as appearing wet, heavy, non-collapsed and
firm, with prominent rib impressions [29,32–34,36,43]. Multifocal, dark red and mottled
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areas of varying size have been described on lung lobes, which may ooze frothy fluid from
cut surfaces [29,33–36].

Histologically, alveoli, perivascular, peribronchial and peribronchiolar spaces may
be flooded by oedema fluid containing abundant fibrin strands, degenerate and viable
neutrophils and lesser numbers of lymphocytes, plasma cells and alveolar macrophages,
and haemorrhage [29,32–34,43,62]. The bronchiolar epithelium is occasionally described
as denuded and necrotic, and both bronchi and bronchioles may contain oedema fluid,
cellular debris and fibrin [29,32–36,62].

The alveolar septa may be expanded by fibrin, oedema fluid and inflammatory
cells [29,32,34] and haemorrhage [62]. Alveolar spaces can contain oedema fluid mixed
with cellular debris and degenerate neutrophils [29,32–35], and eosinophils [36]. The ter-
minal bronchioles, alveolar epithelium and alveolar spaces were the most affected [29,32].
Necrosis may be present, sometimes with partial to complete loss of the alveolar epithelium,
architecture and septal integrity [29,32,33].

Vascular necrosis and vessels with reactive endothelia, surrounded by oedema, fibrin
and granulocytes leaking into perivascular spaces, may be observed, but large calibre
vasculitis has not been reported [29,32,62].

Pig (Yorkshire x Landrace)

In pigs receiving ricin via intratracheal instillation, histological changes were con-
fined to the lungs (the liver, spleen, kidney, adrenal gland, pancreas and heart were also
examined). Changes included sequestration of polymorphonuclear cells in the alveolar
spaces and interstitium, haemorrhages, interstitial and intra-alveolar oedema, thickening
of alveolar septa and formation of hyaline membranes. Neutrophils in the interstitial space
and hyaline membranes reached maximal levels at 18 h post-exposure [24].

Rabbit (New Zealand White)

Lungs have been described as mottled red and failed to collapse. Histopathological
changes were characterised by fibrinonecrotic pneumonia. Bronchial epithelial hyperplasia,
attenuation, loss and necrosis have been observed. Peribronchovascular and interstitial
heterophilic inflammation, necrosis and oedema may be accompanied by bronchial and
alveolar exudate [37].

Rat (Porton Wistar)

Ultrastructural pathology is described by Brown and White (1997), with changes first
appearing by 6 h post-exposure [38]. Histologically, 2 days after exposure, pathological
changes to the lung included necrosis and apoptotic deletion of the bronchial and bronchio-
lar epithelia, with macrophages present in the interstitium, and severe perivascular and
intra-alveolar oedema [21].

When comparing histopathology between animals exposed to pure and partially
extracted preparation of ricin, the partially extracted ricin caused more tissue damage.
This was explained as either being due to underestimation of the ricin concentration or
the presence of agglutinin in the crude preparation, exacerbating tissue damage without
significantly affecting lethality [1]. The changes in both groups (with more widespread
and severe lesions, and a higher lung wet weight/body weight ratio, in the partially
extracted group) were early perivascular oedema with widespread perivascular cuffing
by acute inflammatory cells. Focal hyperinflation and very focal apoptotic deletion of the
respiratory epithelium of the larger airways were also present on day 1 [1]. On day 3, the
lesions had progressed in severity, with widespread intra-alveolar oedema associated with
acute, destructive alveolitis, and both granulocytes and large mononuclear phagocytic
cells contributed to the inflammatory infiltrate. Apoptotic deletion of the respiratory
epithelium was still present, with sloughing of this epithelium into the lumen of small
airways. Widespread, florid, type II pneumocyte hyperplasia was also present at day 3 [1].



Toxins 2023, 15, 281 11 of 22

Rat (Sprague Dawley)

Mild to moderate peribronchiolar and perivascular inflammation was a consistent
finding in a study using Sprague Dawley rats [14]. In rats receiving a high dose, death
occurred within 2 days post-exposure, and minimal to mild vasculitis, haemorrhage and
bronchiolar degeneration were present in some animals. Pulmonary oedema was most
prominent and occurred with the highest incidence in animals exposed to a middle dose.
Parenchymal interstitial inflammation occurred in rats and was inversely proportional
to survival time. Mild to moderate alveolar macrophage hyperplasia occurred in rats
receiving lower doses of toxin. Type II pneumocyte hyperplasia showed an inverse dose
dependence [14].

Mouse (BALB/c)

In the BALB/c branch of the same study in which the Sprague Dawley rats were
studied (above), mild to moderate peribronchiolar and perivascular inflammation occurred
in all dose groups and at all time points, but pulmonary oedema was not observed in
the mice in this study [14]. Minimal to mild vasculitis, haemorrhage and bronchiolar
degeneration with apoptosis/necrosis were described 2 to 3 days after exposure in mice
receiving a high dose. Parenchymal interstitial inflammation was inversely proportional to
survival time. Alveolar macrophage hyperplasia exhibited a similar pattern to interstitial
inflammation. Type II pneumocyte hyperplasia showed an inverse dose dependence in
mice [14].

Mouse (C57Bl/6)

In mice receiving intratracheal instillation of ricin, 48 h after exposure, there was
perivascular and peribronchiolar oedema with infiltration by neutrophils. Disruption
and loss of the bronchial epithelium, together with apoptotic bodies, were observed, and
haemorrhage, exudate and neutrophils extended into alveoli. Fibrin and fibrinogen were
detected in the microvasculature of the alveolar septa [39].

2.3.4. Thoracic Cavity
Rhesus Macaque

The thoracic cavity may contain variable amounts of serous to serosanguineous fluid,
which may contain strands to sheets of fibrin coating the visceral pleura [29,32,33], with
inflammation observed microscopically [32]. The mediastinum may be oedematous [32,34].
The pericardium may be distended by serous or serosanguineous fluid [32].

Rabbit (New Zealand White)

The thoracic cavity may contain serosanguineous fluid [37].

2.3.5. Lymphoid Tissues
Rhesus Macaque

Bronchus-associated lymphoid tissue (BALT) has been described as depleted [29]. Tra-
cheal, mediastinal and mesenteric lymph nodes of some animals were enlarged (twice the
normal size or larger) and oedematous [29,32,33]. Description of loss of corticomedullary
and follicular architecture of the tracheobronchial lymph nodes has been reported, with lym-
phoid depletion and replacement of germinal centres and necrotic cellular debris, together
with expansion of these areas and sinuses by degenerate and viable neutrophils, lympho-
cytes, plasma cells, macrophages, haemosiderophages and free erythrocytes [29,32,34–36].
The inflammation, haemorrhage and necrosis have been reported to extend outside the
capsule into surrounding connective and adipose tissue [29,32]. Lymphoid hyperplasia
may be observed in the tonsils and mesenteric lymph nodes, with an exhaustion matrix
in the follicular centres [29]. Animals may exhibit thymic depletion/atrophy [29]. Within
the spleen, there may be lymphoid hyperplasia with an exhaustion matrix in the follicular
centres [29].
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Rabbit (New Zealand White)

Peripheral and visceral lymph nodes have been reported as reddened and/or en-
larged [37]. Mediastinal and mandibular lymph nodes exhibited foci of necrosis, fibrin
and heterophilic inflammation within subcapsular sinuses, and draining haemorrhage.
The thymus may also appear reddened. Within the spleen, there may be heterophilic and
histiocytic inflammation with lymphocytes that appear apoptotic [37].

Rat (Porton Wistar)

Increased apoptotic deletion has been observed within the lymphoid follicles of the
spleen (Dstl unpublished data).

Rat (Sprague Dawley)

Thymocyte apoptosis was reported in rats dying from exposure, but was minimal
amongst surviving rats. In the spleen, neutrophilic leukocytosis occurred in all rats dying
following exposure, but was not present in surviving rats. Minimal to mild lymphocytic
and haematopoietic cell apoptosis was present in most rats dying following exposure, and
less than half of surviving rats [14].

Mouse (BALB/c)

Thymic atrophy occurred in the mice receiving the highest doses, but was not present
in surviving mice. In the spleen, neutrophilic leukocytosis occurred in all mice dying follow-
ing exposure, and was minimal to mild in surviving mice. Lymphocytic and haematopoietic
cell apoptosis occurred in some mice in the highest dose groups but was absent in surviving
mice [14].

2.4. Comparative Chronic Pathology of Ricin Toxicity by Inhalation
2.4.1. Nasal Cavity
Rhesus Macaque

Moderate lymphoplasmacytic rhinitis affecting the nasal septum has been reported as
an occasional observation, 11 days after exposure [29].

Rabbit (New Zealand White, following Vaccination)

Brown mucoid material was present on the nasal or ethmoid turbinates of most
animals, predominantly on the superior and more caudal portions. The pharyngeal mucosa
was reddened in most animals [37]. Microscopically, lymphoplasmacytic and heterophilic
inflammation but no necrosis of respiratory epithelial cells was observed. The non-specific
immune response was suggested to be either a mechanism for resolving lesions after ricin
exposure or an unidentified inhaled irritant or hypersensitivity reaction [37].

2.4.2. Larynx and Trachea
Rhesus Macaque

Mild lymphoplasmacytic infiltration has been observed in the tracheal mucosa and
submucosa 11 days after exposure [29]. Mild chronic inflammation of the trachea has been
observed in one of three animals, 90 days after exposure to 3 x LD50 aerosolised ricin and
treatment with antitoxin (Dstl unpublished data).

Rabbit (New Zealand White, following Vaccination)

The laryngeal and tracheal mucosa was reddened in most animals. Froth was present
in the trachea infrequently. Histopathological changes included inflammation of the larynx
and trachea, but no necrosis [37].
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2.4.3. Lungs
Rhesus Macaque

Variation in the appearance of lung tissue 11 days after exposure has been described [29].
Changes may include rib impressions, multifocal to coalescing or diffuse mottled discoloura-
tion, firm areas, rubbery texture, collapse and increased lung weight [29].

Histological changes 11 days after exposure were more similar between animals [29]. In
animals who survived lethal doses, with the administration of an antitoxin, the histopatho-
logical changes in the lungs resembled those of animals who received a sublethal dose of
ricin [33–35].

Low-grade [34] to prominent [29] type II pneumocyte hyperplasia has been noted
multifocally, and small lakes of oedema and dilated lymphatics may remain 11 days after
exposure [29]. The smooth muscle around larger airways may appear hyperplastic 11 days
after exposure [29]. Lung damage may still be significant 21 days after exposure, with
fibrinous accumulation present in the lungs [43].

Animals culled at 14, 20 or 21 days exhibit chronic inflammation and fibrosis proximal
to the respiratory bronchioles [33–36]. Bhaskaran et al. (2014) [29] suggest the degree
of fibrosis and associated changes are related to the inhaled dose of ricin. Fibrosis is
often described as being most prominent around terminal/respiratory bronchioles and the
interstitium surrounding larger blood vessels. Fibrosis has been described as extending
into the alveolar septa and expanding the interstitium, where it replaces normal alveolar
architecture and traps cellular and granulocyte debris [29,34]. In one study, no significant
difference was observed between the amount of fibrosis between the lobes of an individual
animal or the same lobes between different animals, 11 days after exposure [29]. Fibrosis
may still be extensive 21 days after exposure [43].

Admixed within the areas of fibrosis, variable populations of mixed inflammatory cells,
mainly lymphocytes and histiocytes with lesser numbers of plasma cells and eosinophils,
are reported [29,34]. Surrounding the areas of fibrosis and within the alveolar spaces
were large numbers of foamy macrophages, lesser numbers of multinucleated giant cells,
degenerate granulocytes and occasional aggregates of lymphocytes, plasma cells and
siderophages 11 days after exposure [29]. Macrophage populations have been charac-
terised 20 days after exposure to sublethal doses of inhaled ricin [33]. Confocal microscopy
revealed that the majority of intra-alveolar, large and foamy macrophages were the anti-
inflammatory M2 subtype (CD68 and CD163 expression). Interstitial macrophages, how-
ever, expressed MAC387, a marker believed to be associated with early stages of tissue
infiltration [33].

After 34 days, there may be mild pulmonary fibrosis at the level of the respiratory
bronchioles. Some resolving pathological changes were observed 90 days after expo-
sure. Changes included widely separated foci of minimal chronic inflammation (one
of three animals) and minimal fibrosis (two of three animals) near terminal bronchioles
in animals exposed to 3 × LD50 aerosolised ricin and treatment with an antitoxin (Dstl
unpublished data).

Rabbit (New Zealand White, following Vaccination)

The lungs were mottled red in some of the animals 2 weeks and 12 weeks after ex-
posure, and portions of lung lobes did not collapse in some animals [37]. Microscopic
examination after 2 weeks included mild to marked inflammation, with heterophils, lym-
phocytes, plasma cells and macrophages expanding the peribronchiolar, peribronchial and
perivascular connective tissue, and extending into the adjacent interstitium. There was
occasional type II pneumocyte hyperplasia and fibrosis, and macrophages and multinu-
cleated giant cells were present in bronchioles. Bronchiolitis obliterans was also present,
multifocally [37].

After 12 weeks, microscopic examination revealed minimal to mild inflammation in a
similar pattern (but rarely extending into the adjacent interstitium), with low numbers of
lymphocytes and fewer plasma cells, macrophages and heterophils. There were low
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numbers of alveolar histiocytes, rare multinucleated giant cells and minimal to mild
bronchiolitis obliterans in a few animals [37].

Rat (Porton Wistar)

At 3 days after exposure, there was diffuse, marked, alveolar oedema, established
acute alveolitis, severe capillary congestion and infiltration of the interstitium by large
activated macrophages. Focal areas of type II pneumocyte hyperplasia were present. The
large airways continued to exhibit epithelial necrosis with early evidence of regeneration.
At 4 days after exposure, the pulmonary oedema was resolving and pulmonary consoli-
dation was evident, with small lymphocytes, activated macrophages and marked type II
pneumocyte hyperplasia. The larger airways were completely re-epithelialised and free of
oedema fluid [21].

At 7 days, areas of near-normal lung appeared between islands of consolidation and
the aforementioned changes [21]. The changes became dominated by widespread nodular
consolidation of the lung parenchyma, with foci of collapsed alveoli lined by hyperplastic
type II pneumocytes, infiltration by large activated macrophages and, sometimes, ex-
travasated erythrocytes [1]. Some alveoli may still contain oedema fluid [1]. At 14 days,
all animals appeared near normal with focal areas of intra-alveolar foamy macrophage
infiltration [21].

Rat (Sprague Dawley)

Interstitial fibrosis was present in rats surviving 7 days [14].

Mouse (BALB/c)

In one study, interstitial fibrosis was not observed in mice surviving 7 days [14].
With sublethal doses, minimal alveolar congestion may be present in the first 24 h after

exposure [11]. At 48 to 96 h, there may also be foci of necrosis in bronchial and bronchiolar
epithelia, alveolar oedema and acute inflammation. Bronchial epithelial hyperplasia may be
observed at 96 h [11]. In mice receiving 1 × LD50, survivors exhibited type II pneumocyte
hyperplasia, pulmonary oedema, bronchiolar epithelial reactivity, peribronchial-vascular
fibroplasia and neutrophilic infiltration at 96 h post-exposure [30].

In mice exposed to sublethal doses of inhaled ricin, development of acute inflammation
and damage within the lungs developed over days 1 to 7, and gradually subsided over days
21 to 96. Residual pathological changes at day 96 in most animals included areas of peri-
bronchial and perivascular inflammation, alveolar walls thickened by histiocytic infiltration,
congestion, alveolar oedema and alveolar haemorrhages (Dstl unpublished data).

Increased connective tissue (possible fibrosis, but not characterised further) has been
observed at 96 days in peribronchiolar and perivascular regions in some animals, and some
statistically significant lung volume changes were observed (Dstl unpublished data). Fur-
ther work is required to verify if this is true fibrosis and the significance of these findings in
this strain (see Section 2.5 for comparative aspects of animal models of pulmonary fibrosis).

Mouse (C57BL/6)

After 48 h, following intratracheal instillation of a sublethal dose, there was parenchy-
mal accumulation of inflammatory cells, of which most were neutrophils. ERK, JNK and
nuclear factor kappa B and Caspase 3 reactivity were also increased, as detected by im-
munohistochemistry. In the sublethal exposure group, there was no haemorrhage, nor
fibrin deposition, in pulmonary tissues, compared to the lethal group in this study [39].
Examination of tissue sections taken from the mice receiving a lethal dose, at higher mag-
nification, revealed that fibrin was localised primarily within the microvasculature of the
alveolar septa (proposed to be the initiation of thrombosis, due to leukocyte–endothelial
interaction). After 4 weeks, there was no residual leukocyte infiltration in the sublethal
group; however, there was interstitial deposition of collagen (fibrosis) [39].
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Mouse (Swiss Webster) (Vaccinated)

Aerosol challenge in vaccinated mice, at varying vaccine doses, revealed the following
histopathological changes [40]. A total of 21 days after the challenge, there was mild to
significant bronchiolar epithelial hyperplasia and smooth muscle hyperplasia of small
arteries. In animals surviving to 50 days, changes were limited to mild epithelial hyper-
plasia, pseudopolyps within scattered bronchioles, mild smooth muscle hyperplasia of
arterioles, minimal lymphoid hyperplasia in bronchial lymphoid tissues and no prominent
perivascular inflammation. Multifocal type II pneumocyte hyperplasia was observed in
one animal [40].

2.4.4. Thoracic Cavity
Rhesus Macaque

Minimal, focal areas of chronic inflammation were observed on the pleura, 90 days
after exposure, in one of three animals exposed to 3 × LD50 aerosolised ricin and treated
with an antitoxin (Dstl unpublished data).

2.4.5. Lymphoid Tissues
Rhesus Macaque

Lymph nodes may be enlarged by two to five times their normal size 11 days after
exposure [29]. Histologically, 11 to 14 days after exposure, lymph nodes, including tracheo-
bronchial, mesenteric, inguinal and axillary lymph nodes, appeared reactive, with large
lymphoid follicles but a decreased number of lymphocytes in the germinal centres (exhaus-
tion matrix) [29,34]. The paracortical and medullary regions of the tracheobronchial lymph
nodes may have foci of oedema containing foamy macrophages 11 days after exposure [29].
The sinuses and peripheral lymphatics were markedly dilated with numerous pigment
(negative for iron)-laden macrophages, and lesser numbers of degenerate neutrophils and
eosinophils 11 days after exposure [29]. Within the tonsils, mild to moderate lymphoid
hyperplasia was observed 11 days after exposure [29]. After 90 days, generalised, minimal
to mild, lymphoid hyperplasia, including BALT, was observed in three of three animals
exposed to 3× LD50 aerosolised ricin and treated with an antitoxin (Dstl unpublished data).

The thymus and spleen may exhibit lymphoid hyperplasia 11 days after exposure [29].
The spleen exhibited hyperplasia 90 days after exposure in three of three animals exposed
to 3 × LD50 aerosolised ricin and an antitoxin (Dstl unpublished data).

Rabbit (New Zealand White, following Vaccination)

Lymph nodes and the thymus were reddened, infrequently, and the lymph nodes
exhibited lymphoid hyperplasia but no necrosis [37]. The spleen exhibited lymphoid
hyperplasia, heterophilic and histiocytic inflammation, but no necrosis [37].

2.5. Comparative Aspects of Animal Models of Pulmonary Fibrosis

Models to investigate pulmonary fibrosis are an area of interest for those investigating
inhaled ricin toxicity, as apparent above. Fibrosis may be a sequel to acute lung injury in
survivors (either a sublethal aerosol challenge or lethal aerosol challenge but in the presence
of a medical countermeasure). Fibrosis could result in impaired lung elasticity and loss of
alveolar surface area [63,64], which may affect long-term quality of life, and its prevention
is a potential target for medical countermeasures. There are advantages and disadvantages
to the different animal models of pulmonary fibrosis, which need to be considered when
choosing a model for chronic ricin toxicity by inhalation.

General weaknesses to animal models of pulmonary fibrosis include the relatively
long time required for fibrosis to develop; therefore, study design needs to factor in the
timeframes in which changes are exhibited. For example, in mouse models of pulmonary
fibrosis, the time to develop fibrosis varies by model from 28 days (bleomycin model) to
30 weeks (irradiation models) [63]. Variations exist both between species and between
strains. Different mouse strains can be prone to, or exhibit resistance to, fibrosis in different
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models [63,64]. For example, BALB/c mice develop limited fibrosis (e.g., bleomycin models)
or are resistant to fibrosis (e.g., silica models) in some models, whilst fibrosis develops
in others (e.g., fluorescein isothiocyanate models). C57BL/6 mice are irradiation-fibrosis-
prone, whilst C3H/HeJ and CBA/J mice are irradiation-fibrosis-resistant [63]. The nature
of the fibrosis may also vary; for example, it may be self-limiting, progressive, persistent, or
resolve, and this depends on the strain, stimulus and time period [63,64]. Also important
in the investigation of pulmonary fibrosis is ensuring that the analysis truly represents
fibrosis, by combining biochemical assays and histological evaluation and ideally other
techniques, such as lung mechanics and imaging [64].

These variables may explain some of the variation in pathological changes between
species and strains seen in the studies of chronic or sublethal exposure in models of
ricin survival, with and without countermeasures. As mentioned earlier, amongst other
variables, particle size distribution affects ricin deposition, and this may affect distribution
of acute lesions. One may also expect, therefore, that the distribution and severity of chronic
lesions may be influenced by similar variables, and that this chronic response would be
further modified by species- and strain-specific responses to injury. For example, if particle
size favours deposition by sedimentation, this might contribute to the distribution of injury
and therefore fibrosis observed around respiratory bronchioles in non-human primates
(Figure 1).
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Figure 1. (Left): coal dust deposited around respiratory bronchioles demonstrates the pattern of
particle sedimentation in a human [17]. From Heppleston and Leopold (1961) [65], Copyright Elsevier
1961. (Right): The distribution of fibrosis around terminal bronchioles (*) and alveolar septa (arrow)
following chronic toxicity to inhaled ricin in the non-human primate (Dstl unpublished data, image
taken by J. Novak DVM DACVP).

3. Distant Organ Damage following Ricin Toxicity by Inhalation
3.1. Rhesus Macaque

With acute toxicity, adrenal medullary haemorrhage was observed occasionally [29]
and there may be cellular degeneration and necrosis within the adrenal cortex [32]. The
skin may lose elasticity (dehydration) [32]. The liver, kidney and small intestines may be
congested, although with no significant histopathological changes [43]. Our unpublished
data also include records of haemorrhage in the omentum and cellular degeneration in the
myocardium and kidneys. Minimal chronic myocardial inflammation was reported in one
of three animals, 90 days after exposure to 3 × LD50 aerosolised ricin and an antitoxin (Dstl
unpublished data).

3.2. Rat (Porton Wistar)

With acute toxicity, two days after exposure extra-pulmonary organs were reported as
unremarkable. Four days after exposure, however, peripheral organs exhibited passive ve-
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nous congestion, due to the increased pulmonary vascular resistance caused by significant
consolidation [21].

3.3. Mouse Models

In C57BL/6 mice receiving a lethal dose (20 µg/kg) and culled at 48 h, there was
infiltration of the kidneys by a mixed population of inflammatory cells into glomerular cap-
illaries, including large numbers of neutrophils. Fibrin and fibrinogen were also deposited
within glomerular and interstitial capillaries, as detected by immunohistochemistry, and
renal function was affected [39].

Doebler et al. (1995) [42] used radioactive-iodine-labelled ricin (125I-ricin) in a nose-
only aerosol exposure (1 µm mass median aerodynamic diameter (MMAD) particles)
experiment in CD-1 mice. This revealed the presence of ricin within the gastrointestinal
tract, spleen, liver and lung [42]. The presence of ricin in the gastrointestinal tract was
assumed to be due to the mice swallowing some of the inhaled toxin [21,42]. The dose
calculated to have been swallowed was much lower than that of the inhaled toxin, and
the lethal dose by ingestion was much higher, so it was unlikely to have contributed to
lethality [21,22].

Benson et al. (2011) [14] detected no ricin in the liver, kidney, stomach, spleen or
excreta in any sacrifice or collection time in BALB/c mice exposed via nose-only inhalation,
up to 7 days post-exposure. Ricin was not detected in the gastrointestinal tract of another
BALB/c mouse study either following head-only exposure to aerosolised ricin [16]. It was
suggested that the difference between detection could be due to differences in detection
techniques and that Doebler et al. (1995) [42] might be picking up radio-iodine rather than
ricin, or that swallowed and denatured ricin was not picked up by the ELISA [21]. Roy et al.
(2003) were able to detect low levels of ricin in the stomach of mice exposed to aerosols of
ricin using an ELISA [22].

Griffiths et al. (2013) [16] measured ricin in fluids and tissues from BALB/c mice using
an ELISA following head-only aerosol exposure to a 3×LCt50 dose. Reliable measurements
of ricin were seen in the liver at 24 h after exposure [16]. Although the distribution and
detection of ricin in tissues outside the respiratory tract, following inhalational exposure,
demonstrates that the toxin can cross the alveoli into the blood, no ricin was detected
in blood (plasma or lysed cell pellet) using ELISA or immunochromatography. It was
suggested that levels of ricin were below the limit of detection of these methods [16].

3.4. Topical Exposure

In exploring distant organ damage, it is also pertinent to consider other potential
consequences of exposure to aerosolised ricin. An individual exposed to an aerosol of ricin
could encounter topical (e.g., cutaneous and ocular) contact with the toxin. There is no
evidence to suggest that ricin is toxic when applied to the skin [8]. Topical application in
mice, with 50 µg of ricin, resulted in no signs of toxicity, due to poor absorption across
intact skin [8]. The eyes may also be exposed, and topical administration of ricin to the
eye of a rabbit model resulted in dose-dependent pathological changes [61]. The ricin
molecule may also be immunogenic and may be associated with hypersensitivity/allergic
symptoms (for example, those working in castor bean processing environments) and an
IgE-mediated response is proposed for dermatological and ophthalmological signs [31].
This could, however, be complicated by the presence of other allergens in castor bean
dust [31].

4. Discussion and Conclusions

Commonly used species in inhalational toxicology studies of ricin include rodents, non-
human primates and pigs [1,12,24]. There is consistency in the pathology following ricin
toxicity by inhalation between rodents, non-human primates and other species, but there
is variation in susceptibility, which can be quite considerable, as well as variation in the
location of lesions observed across animal models [1,29]. This is due to, in part, anatomical,
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physiological, immunological, cytological and methodological differences. As noted by
Bhaskaran et al. (2014) [29], since there are few cases (and no pathology data) of human
ricin toxicosis by inhalation to compare, the range of lesions in animal models may prove
useful and predictive [1,21,29]. Understanding the comparative aspects of ricin toxicity by
inhalation is, therefore, important to aid the development of medical countermeasures.

Approaches to treatment of pulmonary ricin intoxication have been reviewed by
Gal et al. (2017) [12]. These include anti-ricin antibodies, interference with the toxin by
small-molecule inhibitors and immunomodulatory drugs [12]. These target different
mechanisms in the pathogenesis of intoxication, and thus any variation in these mechanisms
and pathways between animal models, or introduced by methodological differences, will
affect the outcome of their assessment.

Currently, the only post-exposure measure that is effective against pulmonary rici-
nosis at clinically relevant time points following intoxication in animal models is passive
immunisation with anti-ricin-neutralising antibodies [12]. Antibodies are thought to work
via a number of mechanisms, including direct inhibition of ricin/uptake as well as effects
on intracellular trafficking depending on which part of the ricin molecule the antitoxin
binds to.

The assessment of the effectiveness and window of opportunity for different antibody-
based therapeutics has potential to provide insight into the early pathogenesis of ricin
intoxication following inhalation and also highlights differences between species. For
example, an antitoxin that prevents ricin binding to cells may have a shorter window
of opportunity than one that disrupts intracellular routing of the toxin. It is difficult to
draw comparisons from the literature for ricin inhalation as data involving intoxication
via the pulmonary route is limited. Even where pulmonary exposure has been used, it is
difficult to make sound comparisons between studies due to differences in their design.
For example, the effectiveness for a particular monoclonal antibody, ‘PB10′ (or variations
thereof), has not been demonstrated to be significantly different in the Rhesus macaque [35]
or the mouse (BALB/c) [66] following ricin exposure of the lung (although this is hindered
by the lack of data between a 4 h and 12 h time point in the Rhesus macaque [35] and
beyond 7 h in the mouse model [66]. In addition, the challenge doses and method of
administration were significantly different, with a 4 × LD50 aerosol challenge used in the
non-human primate study and a 10× LD50 intranasal challenge applied in the mouse study.
In contrast, a polyclonal F(ab’)2 antibody produced in sheep (which is expected to have a
range of activities, including inhibition of binding and effects on intracellular trafficking)
demonstrated a window of opportunity of 24 h in mice [41]. This finding is significant as it
suggests possible differences in the early stages of ricin intoxication between species.

It is also a significant observation that the window of opportunity in the pig adminis-
tered a lethal challenge of ricin via intratracheal instillation for an equine-derived antitoxin
was (at least) 18 h (85% survival) [67]. The same antitoxin gave ~60% protection when ad-
ministered 24 h (intravenous or intramuscularly) after an intranasal ricin challenge in CD1
mice [68]. No data for other species have been reported. Some caution is required in direct
comparisons as the ricin challenge in studies may differ and the method of administering
the toxin may vary between research groups.

The reason for variable windows of opportunity is unknown, but some have spec-
ulated causes for these interspecies differences include the volume and composition of
mucus within the respiratory tract (as ricin may bind with mucus components, e.g., from
porcine submucosal mucus glands of the trachea and bronchi), and/or the cellular com-
position of the proximal airways (e.g., large numbers of club cells in the mouse trachea)
interacting with inhaled ricin.

Another group determined that a polyclonal equine antitoxin was more effective than
a monoclonal antibody in mice administered both ricin (~3 × LD50) and therapeutics via
the intranasal route, with a survival rate of 100% (polyclonal) versus 50–60% (monoclonal)
when administered 18 h after ricin intoxication [69]. This finding demonstrates that focussed
studies can elucidate differences in the window of opportunity of antibody therapeutics
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and provide data to that may help in the understanding of the mechanism of action of
different therapeutics. In this case, the data suggest that different products may intervene
at different points in the uptake and intracellular trafficking of ricin. It is likely that a
polyclonal antibody therapeutic has multiple targets for intervention (e.g. binding as well
as intracellular trafficking of toxin), providing the ability to intervene slightly later than a
monoclonal antibody with a single mechanism of action.

The literature demonstrates a delay between exposure to ricin and the morphological
changes detectable by routine pathological techniques, such as histopathology. Other indi-
cators may be required, therefore, to elucidate changes in the very early period following
exposure and the effects of medical countermeasures, e.g., physiological methods, such as
telemetry and pulse oximetry. When histopathology is used, future studies should also
include samples of the conducting airways (including the nasal cavity) and lymphoid
tissues, as these areas are sometimes neglected.

It is important to consider that differences in anatomy and physiology will affect
the choice of exposure method and/or the distribution of toxin [1]. Inhaled aerosol dose
determinations and particle deposition are also far more complex than those associated
with other administration techniques in animals [70]. The importance of particle size
distribution in the aerosol and its relation to deposition in the respiratory tract was outlined
earlier. This level of detail is sometimes lacking in published studies of inhaled ricin toxicity
using aerosols.

Comparative immunology should also be considered. A comprehensive review of the
comparative anatomy of lymphoid tissues in laboratory animals and humans is presented
by Haley (2017) [46]. Another review by the same author (Haley 2003) [47] highlights “data
obtained from the evaluation of a single compound in a single species may be insufficient to predict
the [immune] response to the same compound in a different species”.

Understanding and characterising the chronic (sublethal) toxicity of ricin does not
feature abundantly in the literature reviewed. A better understanding of this area is re-
quired, because if a situation arises where ricin is used as a bioweapon, survivors may have
received a low dose, and individuals exposed to higher doses of ricin and treated with a
therapeutic may still exhibit some pathological changes and survive to experience chronic
changes [29]. In both scenarios, it is important to understand the potential pathological
changes, the pathogenesis and their clinical significance, to inform development of treat-
ment strategies and therapeutics [29]. The effects of ricin on primary pulmonary alveolar
macrophages were investigated by Guo et al. (2019) [27] providing further understanding of
the pathogenic mechanism of inhalational ricin poisoning. Investigating targets associated
with macrophage function in lung injury and fibrosis may enable therapeutics that reduce
sublethal/chronic effects of ricin. For example, blocking the p38 MAPK signalling pathway
reorients macrophage death from pro-inflammatory pyroptosis toward non-inflammatory
apoptosis [71].

When exploring sublethal or chronic effects of inhaled ricin intoxication and devel-
oping countermeasures, model development requires consideration of the comparative
aspects of pulmonary fibrosis and accurate analysis of fibrosis. This could be achieved by
combining biochemical assays and histological evaluation and ideally other techniques,
such as physiological assessment, lung mechanics and imaging, to ensure changes truly
represent fibrosis and detection of any potential clinical significance [63,64].

Finally, many of the comparative factors considered in this paper may apply to the
study of the toxicity of other type 2 RIPs by inhalation. Assumptions should not be made,
however, due to differences known to exist (abrin, for example [45]) and differences not
yet elucidated.
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