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Abstract 

Leptomeningeal disease (LMD) is a devastating manifestation of late-stage cancer which currently suffers from a lack 
of effective therapeutics. Unfortunately, a significant obstacle preventing the widespread development and testing 
of therapeutics for LMD is the lack of biologically accurate animal models. We provide overviews of six types of animal 
models of leptomeningeal metastasis from solid tumors: injection of tumor cells into the cerebrospinal fluid (CSF), 
blood, or brain parenchyma; subcutaneous or mammary fat pad injection of tumor cells; the LeptoM/LM-phenotype 
model; and genetic manipulation. We identify the pros and cons of each model and suggest broad areas of future 
research that could improve each model in terms of its similarity to human LMD.
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Introduction
LMD diagnostics, treatment, and prognosis
Leptomeningeal disease (LMD), also known as leptome-
ningeal carcinomatosis (LMC) or leptomeningeal metas-
tasis (LM), is a rare and generally lethal complication 
of systemic cancer. It occurs when cancer cells seed the 
leptomeningeal space, which is found under the dura 
mater and is comprised of the pia mater, subarachnoid 

space, and arachnoid mater of the brain and spinal cord 
(Fig. 1A). LMD can occur in patients with solid tumors 
or hematologic malignancies; in this review, we will focus 
on LMD arising from solid tumors. LMD prevalence var-
ies widely among cancer types, with studies reporting a 
prevalence of up to 30% in some cancer types (Table 1) 
[64]. Based on clinical data, the incidence of LMD may 
be as high as 132,000 new cases per year in the United 
States (US) alone, and this number may be higher based 
on autopsy studies. Unfortunately, LMD incidence is only 
expected to increase as cancer patients live longer due to 
improvements in diagnostics and therapeutics.

LMD is generally diagnosed in patients with advanced-
stage solid tumors. Patients can present with a wide 
range of symptoms that can lead to a diagnosis of LMD 
due to the disease’s ability to affect any part of the brain 
or spinal cord. Symptoms may occur due to the dys-
function of cranial or spinal nerves in the subarachnoid 
space or a mass effect on the underlying brain or spinal 
cord. LMD may be diagnosed through clinical features, 
imaging findings, or cerebrospinal fluid (CSF) analysis. 
The most commonly used imaging modality for LMD 

†Priya Kumthekar and Atique U. Ahmed have contributed equally to this work.

*Correspondence:
Priya Kumthekar
Priya.Kumthekar@nm.org
Atique U. Ahmed
atique.ahmed@northwestern.edu
1 Department of Neurological Surgery, Feinberg School of Medicine, 
Northwestern University, 676 North St. Clair Street, Suite 2210, Chicago, IL 
60611, USA
2 Northwestern Medicine Malnati Brain Tumor Institute of the Lurie 
Comprehensive Cancer Center, Feinberg School of Medicine, 
Northwestern University, Chicago, USA
3 Department of Neurology and Medicine, Feinberg School of Medicine, 
Northwestern University, Abbott Hall Suite 1122, 710 N Lake Shore Drive, 
Chicago, IL 60611, USA

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-025-01959-4&domain=pdf


Page 2 of 16Turunen et al. Acta Neuropathologica Communications          (2025) 13:103 

diagnosis is magnetic resonance imaging (MRI) of the 
brain and spine with and without contrast, although 
computed tomography (CT) and positron emission 
tomography (PET) can supplement MRI findings. Cra-
nial MRI findings indicative of LMD include leptomenin-
geal enhancement along the sulci, cerebellar folia, cranial 
nerves, and spinal nerve roots (Fig. 1B). Spinal MRI find-
ings indicative of LMD include linear or nodular spinal 
cord enhancement and nerve root thickening (Fig.  1C). 

CSF analysis is considered the gold standard for LMD 
diagnosis; a positive CSF cytology reveals the presence of 
malignant cells (Fig.  1D). Both imaging and CSF analy-
sis are repeated throughout a patient’s disease to assess 
treatment response and disease progression.

The prognosis of LMD is 4–6  weeks overall survival 
without treatment [90]. However, a variety of treat-
ment options are available. Radiation therapy, which 
can be focal, whole-brain, or cranio-spinal, is usually 

Fig. 1 LMD imaging and pathology and hypotheses of spread. The leptomeningeal space consists of the pia mater, subarachnoid space, 
and arachnoid mater (A). Brain MRI with contrast showing leptomeningeal enhancement in supratentorial and infratentorial sulci, consistent 
with LMD (B). Spine MRI with contrast demonstrating linear enhancement along the cervical and thoracic regions of the spinal cord, consistent 
with LMD (C). CSF showing large multinucleated tumor cells, consistent with LMD (D). A main hypothesis of leptomeningeal spread is escape 
of tumor cells into the blood; cells cross the blood-CSF barrier, which is likely the choroid plexus, and enter the CSF, where they have access to seed 
the leptomeninges (E). Another hypothesis of leptomeningeal spread is contiguous spread from parenchymal metastasis (F). Another hypothesis 
of leptomeningeal spread is that tumor cells enter the CSF and blood during or after surgical resection of a parenchymal metastasis (G). Images A, E, 
F, G created in https:// BioRe nder. com. Images B, C, D courtesy of PK

https://BioRender.com
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the first line of treatment for symptomatic patients [90]. 
Chemotherapy is commonly prescribed; select agents 
that cannot cross the blood–brain barrier (BBB) may be 
administered intrathecally via lumbar puncture or an 
Ommaya reservoir. Molecularly targeted therapies and 
immunotherapies may also be available depending on the 
patient’s primary cancer and underlying biology. Unfor-
tunately, even with treatment, the prognosis of LMD is 
generally 2–7 months, depending on the primary cancer 
[63, 90].

LMD pathophysiology
The BBB and the blood-CSF barrier theoretically protect 
the CSF from the circulatory factors leading to metas-
tases, yet LMD still occurs and spreads throughout the 
CSF. While the mechanism by which metastatic cells 
enter the CSF has not been definitively described, there 
are a few leading hypotheses. In 1983, Kokkoris and col-
leagues hypothesized that cancer cells in arterial blood 
penetrate the CSF via the choroid plexus, an epithelium 
in the ventricles that filters blood into the CSF (Fig. 1E) 
[46]. Boire and colleagues expanded on this hypothesis, 
showing that complement component 3 is upregulated 
in leptomeningeal metastasis. It disrupts choroid plexus 
tight junctions and the blood-CSF barrier and alters CSF 
composition to promote cancer cell growth [13]. It is also 
thought that LMD may arise from the contiguous spread 
of parenchymal brain metastases and spinal metastases 
to the leptomeninges (Fig.  1F) [90]. Parenchymal brain 
metastasis surgery may also contribute to tumor cell 
seeding in the leptomeninges (Fig.  1G). Suki and col-
leagues found that piecemeal resection of solid tumor 
metastasis to the posterior fossa was associated with a 

significantly higher risk of subsequent LMD compared to 
en-bloc resection or stereotactic radiosurgery [89]. Ahn 
and colleagues confirmed these results in a patient popu-
lation with metastases in brain parenchymal locations 
other than the posterior fossa; additionally, they found 
that the use of aspiration during surgery and proximity 
of the resected metastasis to CSF spaces were also associ-
ated with a higher risk of subsequent LMD [3].

Once cancer cells enter the CSF, they face a protein- and 
metabolite-deficient environment; therefore, they have 
several features that allow them to survive. Chi and col-
leagues showed that cancer cells in the CSF outcompete 
macrophages for iron. Iron enables cancer cells to grow 
and proliferate, and a lack of iron inhibits macrophage 
function; therefore, cancer cells that outcompete mac-
rophages for iron increase their metabolism while decreas-
ing the immune response against them [18]. Additional 
evidence that LMD thrives in an immunosuppressed envi-
ronment comes from Smalley and colleagues, who dem-
onstrated that the CSF of melanoma LMD patients whose 
disease followed the expected clinical course was higher in 
immunosuppressive markers, including myeloid-derived 
suppressor cells and transforming growth factor β (TGF-
β), than the CSF of non-LMD, non-melanoma controls. 
Additionally, the CSF of melanoma LMD patients showed 
high levels of T cell exhaustion and dysfunction [86, 87].

LMD affects at least tens to hundreds of thousands of 
patients per year in the United States alone, yet due to a 
lack of treatment options, each of these patients has only 
months to live after their diagnosis. This lack of treat-
ment is partly due to our lack of knowledge about the 
mechanisms of this disease; thus, research is urgently 
needed. This requires reliable and representative disease 

Table 1 Estimated incidence of leptomeningeal metastasis by primary tumor location

Estimated cases for 2024 exclude basal and squamous cell carcinomas and carcinomas in situ, except urinary bladder

References Primary tumor location 2024 estimated new cancer 
cases in US [85]

% Cancer patients 
developing LMD

2024 estimated 
LMD incidence 
in US

[10] Digestive system 353,820 0.61 2158

[64] Lungs 234,580 2–12 4692–28,150

[64] Melanoma 100,640 5–30 5032–30,192

[4] Breast 313,510 5–15 15,676–47,027

[101] Genitourinary system 597,160 0.03 179

[66] Glioma 8467 16 1355

[24] Thyroid 44,020 1 440

[11] Non-Hodgkin Lymphoma 89,190 5–15 4460–13,379

[14] Myeloma 35,780 1 358

[11] Leukemia 62,770 5–15 3139–9416

Other 161,203 NA NA

Total 2,001,140 1.9–6.6 37,489–132,654
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models to elucidate the intricate mechanisms of LMD 
seeding and progression, ultimately paving the way for 
the development of effective therapies. However, the 
complexity of accurately recapitulating the clinical dis-
ease’s pathology in animal models has been a significant 
hurdle. In this review, we will comprehensively explore 
the existing models for LMD and the advantages and 
limitations of each. By critically assessing the current 
state of these models, we aim to provide insights and 
future perspectives that could guide the development of 
more refined and representative models. We argue that 
the optimal model would represent human disease not 
only visually but also molecularly, with tumor cells and a 
leptomeningeal space that reflect the molecular changes 
required for cells to invade into, and proliferate within, 
the CSF. The presence of brain parenchymal and systemic 
metastases may also indicate a representative model 
without interfering with analysis of the disease, as human 
patients often have metastases to multiple locations but 
ultimately succumb to their leptomeningeal metastases. 
While previous models have approached aspects of this 
optimal model, none has addressed all of these factors. 
The creation of more representative models is vital for 
advancing our understanding of LMD and opening new 
avenues for therapeutic interventions.

LMD models
Injection of tumor cells into the CSF
LMD spreads throughout the CSF. It makes sense, then, 
that the most commonly reported method of generating 
animal models of leptomeningeal metastasis from solid 
tumors is injecting tumor cells into an animal’s CSF. This 
method has been used to model LMD from breast car-
cinoma, lung carcinoma, medulloblastoma (MB), glioma, 
rhabdomyosarcoma, squamous cell carcinoma, and mela-
noma. This method is also the oldest, with papers report-
ing this method beginning in the 1970s. A summary of 
papers reporting this method is found in Supplementary 
Table 1. Mice, rats, rabbits, and zebrafish have been used 
for this method. The most common injection strategy is 
to use a syringe to inject cells into the cisterna magna of 
rodents (Fig.  2A). The second most common injection 
strategy is to place a catheter in the subarachnoid space 
of the spinal cord of rodents so that cells are injected into 
the external end of the cervical spine and are delivered 
to the subarachnoid space of the lumbar spine (Fig. 2B). 
Injections into the right lateral ventricle and cerebral 
subarachnoid spaces other than the cisterna magna have 
also been reported in rodents (Fig. 2C). Recently, a new 
model of breast cancer LMD was developed in transpar-
ent zebrafish larvae in which a microinjector was used 

Fig. 2 The intra-CSF injection model. Cancer cells can be injected into the CSF of rodents via injection into the subarachnoid space or cisterna 
magna (A), injection into a catheter extending from the cervical spine to the lumbar spine (B), or injection into the lateral ventricle (C). Cancer cells 
can also be injected into the CSF of zebrafish embryos via injection into the fourth ventricle (D). Cancer cells injected into the CSF have no obvious 
barriers to seeding the leptomeninges (E). Created in BioRender. Ahmed, A. (2025) https:// BioRe nder. com/ i85y9 16

https://BioRender.com/i85y916
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to inject  102 breast cancer cells into the fourth ventricle 
(Fig.  2D) [34]. The number of cells injected in rodents 
varies widely but is generally between  104 and  107. The 
development of LMD in an animal can be confirmed by 
histological examination or in  vivo imaging, including 
MRI. Interestingly, one study reported that MRI showed 
meningeal enhancement in both LMD and non-LMD 
controls; therefore, MRI should always be supplemented 
by a second confirmation method [19].

With adequately trained experimenters and an appro-
priate number of cells, the efficacy of this procedure can 
be up to 100%. Survival varies widely according to the 
quantity and identity of cells injected, but similarly to 
human disease, untreated animals usually die within a 
few weeks. Upon histological examination, LMD within 
these animals often mirrors human disease, with find-
ings of thin layers of cells coating the brain and spinal 
cord, especially the sulci, cranial nerves, and spinal nerve 
roots. Some animals may also display nodular disease 
with a mass effect. Thus, a significant strength of this 
model is that it visually mirrors human disease. However, 
models which inject primary tumor cells into the CSF 
reveal little about the biology of LMD and its microen-
vironment. As previously discussed, LM cells upregulate 
complement component 3 to disrupt the choroid plexus 
and alter CSF composition, likely allowing their spread 
from the blood to the CSF [13]. This implies that cancer 
cell molecular characteristics change during the meta-
static process and that cells from the primary tumor may 
have different molecular characteristics compared to 
cells from a distant site of metastasis. Therefore, injecting 
a primary tumor cell line into the leptomeningeal space 
may not reflect an accurate molecular profile of LMD 
despite visual similarities (Fig. 2E).

Several studies have aimed to overcome this issue by 
injecting cells derived from leptomeningeal metastases 
into the CSF. Two of these studies used cell lines derived 
from human bulky leptomeningeal metastases which 
were resected and processed [6, 12]. Three other studies 
used cell lines derived from human circulating tumor 
cells, or CTCs, which are thought to contribute to LMD 
[27, 52, 79]. CTCs have been observed in the blood 
and CSF of LMD patients, and CSF CTC count is cor-
related with prognosis and is being studied as a poten-
tial new diagnostic method for LMD [58, 68]. Within 
these animal models, cells that reach the leptomeninges 
may harbor molecular characteristics that allow their 
passage from the blood to the leptomeningeal space 
[32]. Additionally, patient-derived cell lines have likely 
been passaged fewer times than established primary 
tumor cell lines; given that repeated passaging of cells 
can cause their molecular characteristics to change 
over time, this may also indicate that patient-derived 

cells are more similar to human disease [50]. Despite 
the similarity of cells, a potential weakness of some of 
these models is their reliance on a few patient samples 
to model a diverse disease. Many cancers are affected 
differently by each patient’s genetic and epigenetic fac-
tors; if this is true of LMD, then a model of one patient’s 
disease should not be considered a model of disease 
for all patients with the same primary cancer. A deeper 
exploration of the molecular characteristics of LMD 
may guide the development of models from patient-
derived cells. An additional critique of some of these 
CSF injection studies is the animal used for the model. 
Several studies have demonstrated immunosuppression 
in the leptomeningeal space in the setting of LMD [18, 
86, 87]. Injecting tumor cells into the leptomeningeal 
space of previously healthy animals, as some CSF injec-
tion studies did, means that the environment in which 
LMD grows has not undergone the immunosuppression 
that contributes to LMD seeding and spread in human 
patients. However, many CSF injection studies over-
came this issue by using immunosuppressed animals 
such as athymic nude or NOD-SCID/NSG rodents.

A critique of all CSF injection models is the lack of 
metastases to areas other than the leptomeninges. Clarke 
and colleagues’ study of human LMD revealed that 58% 
of LMD occurred in the setting of prior or concurrent 
parenchymal brain metastasis [21]. Few studies of tumor 
cell injection into the CSF reported parenchymal metas-
tasis with leptomeningeal metastasis [30, 39, 91, 100]. 
Even in those studies, no metastasis outside of the cen-
tral nervous system (CNS) was reported, even though 
extra-CNS metastasis is common in human patients with 
LMD. This may be an indication that the environment in 
which LMD develops in these models does not reflect the 
environment in which LMD develops in human patients. 
Thus, while injecting primary tumor cells into the CSF 
may create an animal model of LMD that visually resem-
bles human disease, the molecular characteristics of the 
cancer cells and their microenvironment in some models 
may not.

Injection of tumor cells into the bloodstream
A hypothesis for the seeding of leptomeningeal metasta-
ses is that tumor cells access the CSF via the arterial cir-
culation of the choroid plexus [46]. Thus, injecting tumor 
cells into an animal’s bloodstream is another standard 
method of generating animal models of leptomeningeal 
metastasis from solid tumors. This method has been used 
to model LMD from breast carcinoma, lung carcinoma, 
glioma, and melanoma. A summary of papers reporting 
this method is found in Supplementary Table 2. Typically, 
mice and rats have been used for this method. To create 
this model, a glass cannula or needle is utilized to inject 
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tumor cells into rodents’ internal or external carotid 
artery (ICA, ECA) (Fig.  3A). Two groups attempted 
to inject tumor cells into the left cardiac ventricle of 
rodents, and 0%−40% of the rodents developed LMD 
[25, 27]. The number of cells injected varies but is gen-
erally between  104 and  107. The development of LMD in 
an animal can be confirmed by histological examination 
or in vivo imaging. The efficacy of the intracarotid injec-
tion method is highly dependent on the cell line injected; 
within the same study, with the same experimental tech-
nique, efficacy could range between 0 and 100% depend-
ing on the cell line used [26, 49, 102]. Survival is also 
variable but death generally occurs within a few weeks in 
untreated animals. In successful models, LMD can mir-
ror human disease, with histology showing tumor cells 
in the leptomeningeal space of the brain sulci and cranial 
nerves; few studies examined the spinal cord.

Consistent with the previously held idea that intra-
carotid injection of primary tumor cells is more likely 
than CSF injection to produce systemic metastases, the 

studies discussed here were generally more likely to 
report metastases in a variety of extra-leptomeningeal 
locations compared to the previously discussed stud-
ies of CSF injection. The most common extracranial 
metastasis site reported in these papers was the lungs, 
although metastases to the liver, bone, adrenal gland, 
kidney, eye, and heart were also reported [23, 25, 26, 
95]. Within the brain, most blood injection studies 
reported metastases to the brain parenchyma in at least 
some animals, regardless of whether metastasis also 
occurred in the leptomeninges. One study also reported 
metastasis to the dura mater, although the dura and 
leptomeninges were not well differentiated in the text 
[43]. The greater diversity of metastasis location in this 
model may indicate that it is more representative of 
human disease than the CSF injection model. Further-
more, one study that did not report LMD did report 
metastasis to the choroid plexus, which is thought to 
be implicated in leptomeningeal metastasis [13, 46, 
78]. These studies also contained interesting molecular 
analyses of brain and leptomeningeal metastases: they 
reported high LAT1, Ki67, MMP2, and MMP9 expres-
sion in metastatic cells, which are markers of cancer 
cell growth and proliferation [23, 95]. Upon exami-
nation of human patient samples, LAT1 was overex-
pressed similarly in both primary tumors and the brain 
metastases that arose from them [23]. However, the 
expression of growth and proliferation genes should be 
further examined in human samples and animal mod-
els to better understand how they contribute to LMD 
seeding and spread.

Tumor cells in the bloodstream may resemble CTCs, 
and the LMD which results from this injection method 
may express molecular changes required for the passage 
of tumor cells from the blood to the CSF (Fig. 3B). In fact, 
one study injected CSF-derived CTCs into the blood-
stream, and LMD seeding was 40% successful; however, 
the molecular characteristics of the animals’ disease were 
not examined [27]. In some models, another of our pre-
vious critiques still stands: some studies used immuno-
competent mice, where the disease microenvironment 
likely does not resemble that of human disease. Shi and 
colleagues attempted to address the issue of molecu-
lar changes between primary tumor and metastasis by 
injecting into the bloodstream a cell line derived from 
leptomeningeal metastases which arose after subcuta-
neous injection of small cell lung cancer cells. As these 
cells need to exit the primary tumor and travel through 
both blood and CSF to reach the leptomeninges, this cell 
line may possess mutations allowing metastasis into both 
the blood and CSF; further molecular characterization 
should be performed on this cell line [82].

Fig. 3 The intracarotid injection model. Cancer cells can be injected 
into the bloodstream of rodents via injection into a carotid artery (A). 
Cancer cells injected into the bloodstream must cross the blood-CSF 
barrier, which may be the choroid plexus, to gain access to the CSF 
and leptomeninges (B). Created in BioRender. Ahmed. (2025) https:// 
BioRe nder. com/ h09i0 48

https://BioRender.com/h09i048
https://BioRender.com/h09i048
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Injection of tumor cells into the brain parenchyma
LMD has been associated with the proximity of paren-
chymal brain metastases to CSF spaces of the brain [3]. 
Because of the connection between LMD and paren-
chymal brain metastases, another method of generating 
animal models of leptomeningeal metastasis from solid 
tumors is injecting tumor cells into an animal’s brain 
parenchyma. This method has been used to model LMD 
from breast cancer, glioma, and medulloblastoma (MB). 
A summary of papers reporting this method is found in 
Supplementary Table 3. Mice are normally used for this 
method. To create this model, a needle injects tumor cells 
into the brain parenchyma, such as the frontal lobe, puta-
men, pons, or cerebellum (Fig. 4A). The number of cells 
injected varies but is generally between  104 and  107. The 
development of LMD in an animal can be confirmed by 
histological examination or in  vivo imaging. One study 
also attempted to use PET imaging, but it did not have 
a high enough resolution to image the mouse brain field 
effectively [17]. The efficacy of the intraparenchymal 
injection method is highly dependent on the cell line and 
quantity of cells injected; efficacy can vary between 10 
and 100%. An interesting technique used by Garzia and 

colleagues is parabiosis surgery, in which one of two sis-
ter mice is intracranially injected with tumor cells. Then, 
both mice are given skin incisions at the olecranon joint 
and tied to each other at the olecranon joint. The skin is 
sutured shut around the joints, and the mice will begin to 
share a blood supply during the healing process (Fig. 4B). 
In this experiment, 3 of 6 recipient mice developed LMD 
despite the lack of a primary tumor [32]. Most brain 
parenchymal injection studies reported the expected sur-
vival of a few weeks. One paper reported a mean survival 
of 69–98  days, depending on the cell line; however, the 
control mice in this paper received a dead virus, which 
could have affected their survival [98].

Models created via the injection of tumor cells into 
the brain parenchyma generally mirror human disease, 
with metastasis occurring throughout the leptomenin-
ges of the brain and spinal cord. Seven of the nine mod-
els discussed here used brain tumor cell lines; therefore, 
this model addresses some of our critiques of the intra-
CSF and intracarotid injection models. Because the 
tumor cells are injected into the brain parenchyma, their 
native tumor site, their metastatic process may reflect 
the interactions with the tumor microenvironment and 

Fig. 4 The intracranial injection model. Cancer cells can be injected into the brain parenchyma of rodents via injection into the frontal lobe, 
cerebellum (red), pons (green), or putamen (blue) (A). In the parabiosis method, one mouse is given an intraparenchymal injection of cancer cells; 
then the injected mouse and a non-injected mouse are incised and connected at the olecranon joint, allowing them to share a blood supply. 
Eventually, both mice may develop LMD (B). Cancer cells injected into the brain parenchyma may spread from the brain parenchyma to the blood, 
cross the blood-CSF barrier, and enter the CSF before seeding the leptomeninges (C). Alternatively, they may access the leptomeninges 
via contiguous spread (D). Created in BioRender. Ahmed. (2025) https:// BioRe nder. com/ k92d7 86

https://BioRender.com/k92d786
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the priming of the leptomeningeal space which lead 
to metastasis in humans. Additionally, the contiguous 
spread of tumors from the brain parenchyma to the lep-
tomeninges, which has been posited in human disease, 
is especially possible in the small mouse brain (Fig. 4D). 
In Garzia and colleagues’ parabiotic model, some mice 
that lacked a primary tumor and shared a blood supply 
with tumor-bearing mice developed LMD. This suggests 
that medulloblastoma primary tumor cells can spread 
through the blood to reach and seed the leptomeninges. 
Indeed, CTCs were present in other mouse models of MB 
LMD in this study (the parabiotic mice were not tested 
for CTCs) [32]. Thus, the development of LMD in mice 
with intraparenchymal tumor cell injections may also be 
due to the dissemination of tumor cells to the leptome-
ninges via the blood (Fig. 4C). The tumor cell content of 
the blood and CSF should be more deeply examined in 
these models to explore these possibilities. No extra-CNS 
metastases were noted in any of these studies. However, 
this is to be expected, as seven of the nine studies used 
brain tumor cell lines, which rarely metastasize beyond 
the CNS.

Two of the studies reported here used breast cancer cell 
lines: one used primary breast cancer cells, with an LMD 
seeding success rate of 94%, and the other used patient-
derived breast cancer brain metastasis cells, with an LMD 
seeding success rate of 42% [71, 98]. While it is unclear 
how similar disease derived from the injection of primary 
breast tumor cells into the brain parenchyma is to human 
disease, there may be strong similarities between animal 
and human disease when cells derived from human brain 
metastasis are injected into the brain parenchyma and 
allowed to proliferate. The LMD that develops from this 
cell line should be further characterized to examine these 
similarities. However, it is important to note that LMD 
does not always develop in the context of prior brain 
parenchymal metastasis, so this model’s disease may rep-
resent only a subset of LMD in human patients [21].

Injection of tumor cells subcutaneously or into the 
mammary fat pad
A few groups have created models of LMD via subcuta-
neous or mammary fat pad injection of tumor cells. This 
method has been used to model LMD from melanoma, 
medulloblastoma (MB), and breast cancer. A summary 
of papers reporting this method is found in Supplemen-
tary Table  4. Mice are commonly used for this method. 
To create this model, between  105 and  106 primary tumor 
cells are injected subcutaneously into the flank, or into 
the mammary fat pad. Tumors must be removed when 
they reach the maximum acceptable size defined by an 
institution’s animal care office. Alterman and Stack-
pole saw LMD development only after resection of the 

subcutaneous flank tumor; they saw a higher incidence 
of leptomeningeal metastasis when brains with visible 
metastases arising from the initial subcutaneous flank 
injection were broken down and injected subcutaneously 
into the flanks of different mice [5]. Cruz-Munoz and col-
leagues resected the subcutaneous tumor, resected and 
cultured metastases that developed in mice who survived 
long-term chemotherapeutic regimens, and then sub-
cutaneously injected the cultured metastasis cells into 
different mice. While all metastasis-derived cell lines 
metastasized similarly to the lung, liver, and kidneys, 
brain-metastatic cell lines were the most likely to metas-
tasize to the brain. The group concluded that brain-meta-
static cell lines were not better able to metastasize overall 
but instead had acquired changes that facilitated metas-
tasis to the brain specifically [22]. However, the nature of 
these changes was not explored. In Garzia and colleagues’ 
MB model, there was no reinjection of tumor cells after 
removing the original flank tumor. They attributed the 
subsequent development of LMD to flank tumor-derived 
CTCs in the bloodstream; indeed, CTCs were proven to 
be present in animal models in their study [32]. Fitzpat-
rick and colleagues collected CTCs from the CSF of 
patients with metastatic breast cancer, cultured the CTCs 
as organoids, and then injected the cultured CTCs into 
mouse mammary fat pads. The maximum tumor size was 
not reached, so tumors were not resected; the presence 
of CTCs was not assessed in the mice after injection [27]. 
Subcutaneous and mammary fat pad injection methods 
are summarized in Fig. 5A. The efficacy of these models 
can be up to 45% if the flank tumor is resected. The pres-
ence of LMD can be confirmed via microscopic examina-
tion or imaging.

Models created via the subcutaneous or mammary 
fat pad injection of tumor cells generally mirror human 
disease, with metastasis occurring throughout the lep-
tomeninges of the brain and spinal cord. They address 
some of our critiques of previous models; namely, pri-
mary tumor cells are not injected directly into the CSF or 
blood, which would allow them more immediate access 
to the leptomeningeal space. Instead, primary tumor cells 
must develop the potential to metastasize into the blood 
and then cross the blood-CSF barrier into the leptome-
ningeal space, which may increase their similarity to cells 
of human LMD (Fig. 5B). Additionally, the time between 
tumor cell injection and LMD development may allow 
for changes to the leptomeningeal space which facilitate 
tumor cell seeding. Importantly, Cruz-Munoz and col-
leagues’ model derived cell lines from metastases of mice 
subjected to long-term chemotherapy regimens. Human 
patients often develop LMD after years of treatment for 
their primary tumor and non-leptomeningeal metasta-
ses, and it is thought that LMD may develop in part due 
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to the immunosuppression in the leptomeningeal space 
caused by years of anti-cancer therapy. Incorporating 
chemotherapy into an animal model may allow it to bet-
ter model human disease compared to models without 
treatment [22]. Another way these models may mirror 
human disease is the resection of the primary tumor; 
surgical resection is often a first-line treatment for solid 
tumors. Surgical resection may promote LMD by aug-
menting the effects of previously circulating CTCs or by 
promoting CTC circulation in animals or human patients 
without pre-existing CTCs [1]. CTC content should be 
examined at several points in time to elucidate this time-
line. Finally, three of the four studies discussed here all 
reported extra-CNS metastases, with liver and lung 
metastases being the most common, further increasing 
the similarity of these models to human disease. How-
ever, an important caveat is that none of these models 
can be considered an orthotopic model, where tumor 
cells are injected into their original site of growth. The 

subcutaneous injection models injected cells into the 
flank rather than the mammary fat pad, and the mam-
mary fat pad injection model used CSF-derived CTCs 
rather than primary breast tumor cells. To best recapit-
ulate the metastatic process from breast to leptomenin-
ges, a true orthotopic model would inject primary breast 
tumor cells into the mammary fat pad and observe any 
potential metastasis to the leptomeninges. This will be an 
important consideration when improving this model type 
in future experiments.

The LeptoM/LM‑phenotype model
Two similar animal models of LMD have been created 
which involve multiple rounds of selection for cells that 
metastasize to the leptomeninges. These models, called 
the LeptoM model and the LM-phenotype model, have 
been developed to model LMD from breast cancer, lung 
cancer, and melanoma. A summary of papers reporting 
this method is found in Supplementary Table 5. Mice are 

Fig. 5 The subcutaneous/mammary fat pad injection model. Cancer cells can be injected subcutaneously or into the mammary fat pad of rodents; 
LMD development can occur after resection of the flank tumor or after resection of the flank tumor and metastases, culturing of the metastasis 
cells, and subcutaneous/mammary fat pad injection of the cultured metastasis cells into different mice (A). Cancer cells injected subcutaneously 
may travel from tissue to blood, cross the blood-CSF barrier, and enter the CSF before seeding the leptomeninges; alternatively, cancer cells may be 
released into the bloodstream during resection of the subcutaneous tumor (B). Created in BioRender. Ahmed. (2025) https:// BioRe nder. com/ t09i8 60

https://BioRender.com/t09i860
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normally used for this method. Primary tumor cells from 
established cell lines are injected into the cisterna magna 
and allowed to metastasize. Those cells metastasizing 
to the leptomeninges are collected, cultured ex  vivo, 
and reinjected either intracardially or intracisternally. 
This process is repeated until a cell line results which 
is highly selective for metastasis to the leptomeninges 
(Fig. 6). The number of cells injected varies between  102 
and  105, depending on the procedure stage. The develop-
ment of LMD in an animal can be confirmed by histo-
logical examination or in vivo imaging. Efficacy was only 
reported by two LeptoM papers; both reported success 
rates of 95% or greater, depending on the cell line used 
[74, 75]. Survival tends to mirror human disease, with 
untreated animals living only a few weeks. The LeptoM/
LM-phenotype model generally mirrors human disease, 
with tumor cells coating the supratentorial and infraten-
torial brain; the spine was not examined.

A major strength of this model is that it isolates cells 
that selectively seed the leptomeninges, requiring them to 
track to the leptomeninges from the CSF and the blood-
stream. These cells can be compared to the parent cell 
line to investigate properties that promote leptomenin-
geal seeding. Some differences that have been found are 
increased C3a levels, increased IFNy levels, and CD8 + T 
cell depletion in LMD cells compared to parental cells [13, 
53, 75]. Additionally, the spatial and temporal properties 
of leptomeningeal seeding can be examined. For example, 
Boire and colleagues found that LeptoM cells invade the 
choroid plexus, then the CSF a few days later, and then 
the brain parenchyma a few days later [13]. Remsik and 

colleagues found that LeptoM cells are 75% adherent, but 
the 25% of cells that remain floating in the CSF are more 
aggressively metastatic than the adherent cells[74]. How-
ever, our primary critique of this model is that its simi-
larity to the biological process of leptomeningeal seeding 
is unclear. The LeptoM/LM-phenotype cells are derived 
from commercially available primary tumor cell lines. 
While it has been shown that the leptomeningeal-selec-
tive derivatives are transcriptionally and phenotypically 
different from the parent cell line, it is not clear whether 
these differences are due to the isolation and expansion 
of one small group of cells from a genetically diverse par-
ent cell line or whether differences arose during the pro-
cess of metastasis to the leptomeninges [53]. Additionally, 
direct injection of cells into the CSF, regardless of the 
prior selection process, may not accurately model the 
molecular processes that occur in the human leptomenin-
geal space due to non-leptomeningeal cancer growth and 
treatment. Comparison of LeptoM/LM-phenotype cells 
to human LMD cells should be performed beyond simply 
confirming animal model findings in human specimens 
[53]. Adding to the question of similarity to biological 
seeding processes, none of these models reported extra-
CNS metastases, which are common in human patients 
with LMD.

Animal models created via genetic manipulation
To work around some of the critiques of injection-
based animal models of LMD, some models have been 
created in which genetic manipulation gives rise to 
LMD and/or the primary tumor. Genetic manipulation 

Fig. 6 The LeptoM/LM Phenotype model. The LeptoM/LM phenotype model begins with injection of cancer cells into the cisterna magna of mice; 
leptomeningeal metastasis cells are cultured and injected into the cisterna magna or blood (via intracardiac or intracarotid injection) of mice 
without tumors; and the process is repeated until a cell line is established which is highly selective for metastasis to the leptomeninges. Created 
in BioRender. Ahmed (2025) https:// BioRe nder. com/ p94p7 48

https://BioRender.com/p94p748
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has been used to model LMD from medulloblas-
toma (MB) and pineoblastoma. A summary of papers 
reporting this method is found in Supplementary 
Table 6. Mice are normally used for this method. Five 
of the six genetic manipulation studies used a mouse 
model that spontaneously develops the primary brain 
tumor, and its metastasis to the leptomeninges is also 
spontaneous [20, 35, 38, 88, 96]. Jenkins and colleagues 
used a mouse model that produced MB and LMD upon 
injection of  105 DF-1 cells producing a recombinant 
retrovirus into the cerebellum bilaterally [41]. The 
development of LMD in an animal can be confirmed 
by histological examination or in vivo imaging, includ-
ing MRI. Efficacy was only reported by three genetic 
manipulation studies; it varied between 14 and 100% 
[35, 41, 88]. Survival was only reported in one study 
with a mean survival time of 71 days [88].

Models created via genetic manipulation gener-
ally mirror human disease, with metastasis occurring 
throughout the leptomeninges of the brain and spinal 
cord. These models are useful when information about 
the genetics leading to a primary cancer is known, as in 
MB and pineoblastoma. Modeling a disease via genetic 
manipulation allows for observation of the timeline 
of the metastatic process; for example, Wu and col-
leagues showed that a primary tumor and its lep-
tomeningeal metastases arose from a common origin 
cell and subsequently underwent genetic divergence 
[96]. Grausam and colleagues showed that tumor cells 
infiltrate the leptomeningeal space at an early stage of 

primary tumor development, and these develop into 
LMD in late-stage disease; for example, one mouse 
strain showed tumor cells in the CSF at 6 weeks of age, 
while another mouse strain developed MB and LMD 
within 8  months [35]. While some cancers have well-
known genetic drivers, it is still important to exercise 
caution in applying findings from these models to 
patients with those cancers. Any cancer is driven by a 
complex array of genetics that varies between patients 
and can never be fully replicated by an animal model. 
Furthermore, when little is known about the genetic 
background of a primary tumor and its metastasis, 
creating this model becomes much more difficult. 
Examination of the genetics of non-brain human solid 
tumors is necessary to expand this model to cancers 
originating outside of the brain.

Summary and future directions
Summary
LMD is a devastating complication of late-stage cancer 
which currently suffers from a paucity of effective thera-
peutics. Unfortunately, a significant challenge preventing 
widespread development and testing of therapeutics for 
LMD is the lack of biologically accurate animal models. 
In this review, we have provided overviews of six types of 
animal models of leptomeningeal metastasis from solid 
tumors. We have identified pros and cons of each model 
and have suggested broad areas of future research which 
could improve each model in terms of its similarity to 
human LMD. Table  2 displays a summary of the most 

Table 2 Important features of model types

Question marks denote areas of future research which could be explored by the model

Visually 
resembles 
human LMD

Cancer cells 
genetically 
similar to 
human disease

Reveals 
changes to 
leptomeningeal 
space

Involves brain 
parenchymal 
and systemic 
metastasis

Involves 
treatment 
(surgery, 
chemotherapy, 
etc.)

Can model 
many cancer 
types

Spontaneous 
generation 
of primary 
tumor and 
leptomeningeal 
metastasis

Intra-CSF injec-
tion of tumor 
cells

Yes Variable Yes

Intracarotid 
injection 
of tumor cells

Yes ? ? Yes Yes

Brain parenchy-
mal injection 
of tumor cells

Yes Variable ?

Subcutaneous/
mammary fat 
pad injection 
of tumor cells

Yes ? ? Yes Yes Yes

LeptoM/LM-
phenotype

Yes ? ? Yes

Genetic manipu-
lation

Yes ? ? Yes
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important features of each model type. Question marks 
denote areas of future research that could be explored 
using the model.

The injection of tumor cells into the CSF creates mod-
els that visually resemble human LMD and can be used 
to model many cancer types. However, the genetic simi-
larity between animal and human disease likely varies. 
When primary tumor cells are injected directly into the 
leptomeningeal space, they do not possess the genetic 
changes required to cross the blood-CSF barrier. How-
ever, CSF-derived CTCs may represent cells containing 
these genetic changes. Regardless, there may be changes 
to the leptomeningeal space during the metastatic pro-
cess that prime it to accept tumor cells. In that case, these 
changes are not present in an animal model in which cells 
are directly injected into the CSF.

The injection of tumor cells into the blood creates mod-
els that visually resemble human LMD, involve brain 
parenchymal and systemic metastasis, and can be used to 
model many cancer types. There may be genetic similar-
ity between animal and human disease since cells injected 
into the blood either develop molecular characteristics 
required to cross the blood-CSF barrier, as in primary 
tumor cells, or already contain those characteristics, as in 
CSF-derived CTCs. However, the extent of these genetic 
similarities should be an area of future study. It should 
also be studied whether there are changes to the leptome-
ningeal space during the metastatic processes seen in this 
model.

The injection of tumor cells into the brain parenchyma 
creates models which visually resemble human LMD, but 
the genetic similarity between animal and human disease 
likely depends on the type of tumor cell injected. Pri-
mary brain tumor cells and brain metastasis cells from 
non-brain primary tumors may undergo metastasis into 
the blood then travel into the CSF, or they may simply 
create LMD through contiguous spread, but either way 
the resultant LMD is likely similar to human disease 
because the brain is the tissue of origin for these tumor 
cells. Whether there are changes to the leptomeningeal 
space prior to LMD seeding should be studied in these 
animals. When non-brain tumor cells are used, however, 
it is unclear how the resultant LMD compares to human 
LMD since the brain is not the tissue of origin.

Subcutaneous or mammary fat pad injection of tumor 
cells creates models that visually resemble human LMD, 
involve brain parenchymal and systemic metastasis, 
involve treatment such as surgery and chemotherapy, 
and can model many cancer types. As cells must travel 
from tissue to blood to CSF, they may be genetically simi-
lar to human disease, and the full metastatic process may 
change the leptomeningeal space of these animals, but 
these possibilities should be further examined.

The LeptoM/LM-phenotype model creates models 
which visually resemble human LMD and can be used 
to model many cancer types. While genetic differences 
between primary tumor and metastasis cells have been 
discovered, it is not clear whether these differences are 
due to the isolation and expansion of one small group of 
cells from a genetically diverse parent cell line or whether 
differences arose during the process of metastasis to 
the leptomeninges, and this should be further studied. 
Also, further characterization of the leptomeningeal 
space should be performed to determine whether there 
are changes during the metastatic processes seen in this 
model.

Models which create LMD through genetic manipu-
lation visually resemble human LMD, utilize genetic 
mutations seen in human patients, and spontaneously 
generate both the primary tumor and the subsequent lep-
tomeningeal metastasis. Changes to the leptomeningeal 
space throughout the metastatic process should be fur-
ther studied in these models. It is important to consider 
genetic variations in patients with even the most well-
studied cancers. Thus far, this technique has only been 
used in brain tumors with known genetic mutations.

Future directions
The six models summarized above inspire exciting ideas 
for further study. For example, future research should 
address molecular changes that allow tumor cells to cross 
the blood-CSF barrier. This subject may be addressed 
by the intracarotid injection model, if one compares the 
cells injected into blood to the cells that end up in the 
CSF in animals that develop LMD. This subject could 
also be addressed by the mammary fat pad injection 
model, especially if an orthotopic injection model is cre-
ated where primary tumor cells are injected into their 
native organ. In this case, primary tumor cells could be 
compared to cells in the blood and to cells in the CSF to 
examine the molecular characteristics of cells in multiple 
stages of metastasis. Additionally, Boire and colleagues 
have addressed this subject with their LeptoM model, 
showing that the upregulation of complement compo-
nent 3 in leptomeningeal metastasis cells contributes to 
disruption of the blood-CSF barrier [13].

Another important area of future study is the incorpo-
ration of human cells, such as CTCs, into in  vivo mod-
els. It has been shown that CTCs in the blood and CSF of 
human LMD patients are implicated in their disease. The 
intracarotid injection model injects primary tumor cells 
into the bloodstream and may resemble CTC dissemina-
tion. Additionally, generating metastases via brain paren-
chymal or mammary fat pad injection of primary tumor 
cells may involve CTCs as tumor cells must travel from 
solid tissue to the leptomeninges. Human CTCs have 
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been used in several animal models of LMD. Still, their 
utility should be further explored – which injection loca-
tion is most productive when injecting CTCs, and how 
similar are the resultant models to the original human 
disease? It should be noted, however, that while human 
cells may be more representative of human disease than 
established primary tumor cell lines, there is the danger 
of a model being overly specific, representing only one or 
a few patients.

It should also be noted that tumor cells are only one 
piece of the puzzle. In human patients, the leptome-
ningeal space is often affected by years of harsh, immu-
nosuppressive cancer treatment. Further molecular 
characterization of the leptomeningeal space and com-
parisons between patients who have received different 
treatment regimens may inspire ideas of how this immu-
nosuppression should be represented in an animal model. 
We hope that future experimentation will improve ani-
mal models of LMD and lead to a better understanding of 
the disease’s mechanisms and how novel treatments can 
target them.
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