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Electron Microscopy in Rat Brain Slices Reveals
Rapid Accumulation of Cisplatin on Ribosomes and
Other Cellular Components Only in Glia
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Cisplatin is a widely used, effective anticancer drug. Its use, however, is associated with several side effects including nephrotoxicity
and neurotoxicity. It is known that cisplatin is accumulated in cells by the organic cation transport system and reacts with
nucleotides, damaging them, but the precise target of cisplatin-induced neurotoxicity remains obscure. Here we report direct
visualization of cisplatin inside brain cells using in vivo “cisplatin staining,” a technique that takes advantage of the high electron
density of cisplatin, which contains platinum (atomic mass = 195). After applying 0.1% cisplatin to living brain slices for 30min, we
fixed the tissue and observed the accumulated cisplatin using electron microscopy. We found that cisplatin was localized mainly to
ribosomes associated with endoplasmic reticulum (EPR) in glial cells and to the myelin sheath formed by oligodendrocytes around
neuronal axons. Staining of nuclear DNA was moderate. Our in vivo “cisplatin staining” method validated that the main target of
cisplatin is a direct attack on myelin and the RNA contained in ribosomes.

1. Introduction

Cisplatin (cis-diamminedichloroplatinum) (other names—
Platinol AQ or Platinol) is an effective anticancer drug and
one of the most commonly used chemotherapies in the USA
[1]. It is transported into cancerous cells by organic cation
transporters (OCTs and OCTNs; [SLC22A1–5]) [2, 3] leading
to intracellular accumulation of cisplatin. The presence of
OCTs was confirmed in different cancer cell lines [4, 5].
Moreover, we previously reported effective uptake of OCT
substrates by glioma cells [6]. It is likely that specific uptake
of cisplatin is associated with the same transport mechanism.
OCTs are present in different normal tissues as well; the
most well-defined examples are tubular epithelium cells in
kidney [7] and astrocytes, pericytes, and oligodendrocytes
in the nervous system [8, 9]. This may be the reason
why cisplatin treatment is associated with numerous side
effects such as nephrotoxicity and neurotoxicity [10]. While

there are methods to reduce kidney damage, neurotoxicity
remains a major dose-limiting factor for cisplatin therapy
[11]. Patients with cisplatin-induced peripheral neuropathy
typically present distal sensory ataxia, degeneration of large
myelinated axons with signs of segmental demyelination and
remyelination [12]. The histologic approach revealed that
large axons are more frequently affected than the small ones,
and nonmyelinated axons are unaffected [13]. Motor fibers
are usually unaffected and overall damage to cells protected
by the blood-brain barrier is less pronounced. Nevertheless,
some individuals develop ototoxicity and focal encephalopa-
thy (cortical blindness, aphasia, and focal seizures) [14, 15].

It has been generally accepted that the antineoplastic
activity of cisplatin is due to the formation of platinated
adducts in the nuclear DNA [16]. Adduct formation produces
lesions in the nuclear DNA that lead to impaired replication
and transcription and may trigger apoptosis [17]. On the
other hand, it was shown that RNA can be the main target
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with 20-fold more platinated adduct accumulation in total
cellular RNA than in DNA [18]. It was suggested that nuclear
events may not be critical for the initiation of cisplatin-
induced cytotoxicity [19]. Instead, it has been attributed to
endoplasmic reticulum stress [20]. To obtain a more detailed
understanding of the mechanisms of cisplatin-induced neu-
rotoxicity, we used a novel sensitive method to visualize
cisplatin accumulation inside living cells. Our methodology
takes advantage of the high electron density of cisplatin,
which contains platinum (atomic mass = 195), and allows in
vivo “cisplatin staining” for electron microscopic assessment.
A similar principle was used to show the absence of cisplatin
vesicular transport in carcinoma cells [21]. The aim of
the current study was to identify which organelles contain
elevated levels of accumulated cisplatin products in different
types of brain cells after acute application of cisplatin.

2. Methods

2.1. Animals and Slice Preparation. All experimental proce-
dures were performed in accordance with the US Public
Health Service Publication Guide for the Care and Use
of Laboratory Animals and were approved by the Animal
Care and Use Committee at Universidad Central del Caribe.
Sprague-Dawley rats of either sex between 20 and 30 days
of age were decapitated. Hippocampal slices (200𝜇m) were
prepared using a vibratome (VT1000S, Leica Microsystems
GmbH,Wetzlar, Germany) containing artificial cerebrospinal
fluid (ACSF) composed of (in mM) 127NaCl, 2.5 KCl, 1.25
NaH
2
PO
4
, 25 NaHCO

3
, 2 CaCl

2
, 1 MgCl

2
, and 25 D-glucose,

ice-cold, saturated with a 95% O
2
-5% CO

2
gas mixture at

pH = 7.4.

2.2. Application of Cisplatin. Cisplatin was added to the
ACSF to final concentration 0.1mg/mL and living slices were
incubated for 30min in cisplatin-ACSF solution continuously
saturated with a 95% O

2
-5% CO

2
gas mixture at pH = 7.4.

After that, slices were removed from the solution and imme-
diately fixed for future electron microscopy (see Section 2.3).

2.3. Slice Preparation for Electron Microscopy. Slices were
fixed in 2.5%glutaraldehyde, 4%paraformaldehyde in 90mM
sodium cacodylate buffer with 0.02mMCaCl

2
added and pH

adjusted to 7.2–7.4. The slices were kept in the fixative at 5∘C
for 24 hours. After brief washingwith 90mMsodium cacody-
late buffer, slices were washed in distilled water for 20min.
The slices were then dehydrated through a graded series
of acetone and embedded in a 1 : 1 mixture of EMBed-812
and SPURR (EM Sciences). Ultrathin sections (50–60 nm)
were cut with a Leica Ultracut Ultramicrotome, mounted
on copper slot formvar-coated grids and examined with a
transmission electron microscope JEM 100CX II (JEOL).

3. Results

3.1. Cisplatin Was Accumulated Mainly in Glial Cells of Rat
Brain Slice, Mostly Adhered to Their Myelin and Ribosomes.
We examined sections from rat hippocampus area for cis-
platin staining. As we expected, cisplatin accumulation was

found only in glial cells but not in neurons. Electron-dense
material was visible in pericytes, astrocytes, and oligodendro-
cytes, recognized by their respective specific morphologies.
Very prominent staining was found in the endoplasmatic
reticulum (ER) of pericytes. A representative example of such
staining of a pericyte situated adjacent to a blood vessel is
shown in Figure 1. The prominently stained rough endoplas-
mic reticulum is the most visible element of this pericyte
(Figure 1(a), orange arrow) while its nucleus is less stained
(Figure 1(a), blue arrow). The nuclear region is found imme-
diately adjacent to the endothelium, which is characteristic
of pericytes [22]. Some sparse staining was also observed in
the sheath around the blood vessel and pericyte (Figure 1(a),
green arrow), most likely comprised of astrocytic end-feet.

The astrocyte end-foot contained visible mitochondria
(Figure 1(a), green arrow) revealed by cisplatin staining,
suggesting that cisplatin has some affinity for mitochondrial
content as well as ribosomes. Endothelial cells also have some
accumulation of cisplatin and their mitochondria and some
membranes are also visible (Figure 1(a)).

Oligodendrocytes also displayed staining after acute cis-
platin exposure; the most prominent accumulation of this
drug was found in the myelin sheath around nerve trunks.
Representative examples showing cisplatin staining of myelin
around nerves are shown in Figures 1(b) and 1(c) (orange
arrows). Interestingly, we observed no staining of the internal
structure of these nerve trunks like in standard electron
microscopy staining. In our preparations, the nerves look
completely uniform. These data and the absence of clearly
stained nerve cell bodies confirm that inside the brain the
most sensitive elements accumulating cisplatin are glial cells.

Astrocytes can be easily recognized on preparations as
they send their end-feet to blood vessels, and all other cells
except for endothelial cells, pericytes, and oligodendrocytes
appeared without specific staining by cisplatin. When we
traced astrocyte cell bodies it appeared that the main cell
element accumulating cisplatin was ER. An example of
the rough endoplasmic reticulum in astrocyte is shown in
Figure 1(d) (orange arrow), where the ribosomes are clearly
visible. Interestingly, free ribosomes bind cisplatin evenmore
effectively (Figure 1(e)), suggesting some elements of the
ribosome are particularly adherent to cisplatin.

4. Discussion

The ability of the relatively heavy platinum atoms to dis-
perse electrons makes them useful for electron microscopy,
producing densely stained areas where platinum atoms are
accumulated. Cisplatin is a well-known anticancer agent
that contains platinum. Electron microscopy of cisplatin
accumulation was previously employed to show a lack of
vesicular transport of cisplatin in ovarian cancer cells [21].We
adapted this methodology to study cisplatin accumulation
in living brain tissue after acutely applying cisplatin to
hippocampal rat brain slices. Slices were maintained alive in
cisplatin solution (0.1mg/mL) for 30min and then fixed and
embedded in epoxy. No other heavy metals like osmium,
uranium, or lead were used. We are confident therefore
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Figure 1: (a) Transverse cut of a small venule in the hippocampal area of a rat brain slice. The lumen of the blood vessel is marked by the
letter “L.” A pericyte and specifically its endoplasmatic reticulum (orange arrow) that accumulated cisplatin are visible, while its nucleus is
less stained (blue arrow). Also visible are astrocyte end-feet with mitochondria (green arrow). Membranes and mitochondria of endothelium
cells are also visible. ((b) and (c)) Prominent accumulation of cisplatin inmyelin of oligodendrocytes forming the sheath around nerve trunks
in rat hippocampus. Orange arrows show the myelin, revealing that cisplatin probably reacts directly with some component of the myelin
sheath, while there was no staining of nerve trunks themselves. (d) Rough endoplasmic reticulum in an astrocyte revealed by cisplatin. The
orange arrow points to some ER cisternae, while the small black spots are the cisplatin-stained ribosomes. (e) Rough endoplasmic reticulum
(orange arrow) and free ribosomes (blue arrow) in an astrocyte cell body (high magnification), showing ribosomes with adhered cisplatin.
Scale: 1micron for (a), (b), (c), and (d); 500 nM for (e).

that only platinum (cisplatin) accumulation was revealed by
electron microscopy without any other nonspecific staining.

It is known that cisplatin has neurotoxic side effects.
While peripheral nerves are more vulnerable to cisplatin
injury, some CNS damage, like cortical blindness, aphasia,
and focal seizures are also present, especially when the drug
is administered in higher doses [14, 15]. Neurotoxicity is,
therefore, a significant factor affecting the efficacy of cisplatin
treatment, as patients may experience even more negative
side effects than benefits from this drug. Localization of possi-
ble cisplatin-mediated damage target, that is, specific affinity
of cellular components to cisplatin in CNS, is important
for assessing and predicting physiological level of its side
effects and may give more comprehensive insight into the
mechanisms cisplatin toxicity.

It has been established that cisplatin enters cells with
the help of specific cation transporters, most notably OCTs
and OCTNs [SLC22A1–5] [2, 3, 23–25]. The mechanism
of uptake of cisplatin by OCTs may be similar to that of
other polyamines, because cisplatin is the positively charged
diamine (cis-diammineplatinum(II) dichloride). We have
shown recently that OCTs are low affinity but high capacity
carriers of di- and polyamines [26]. It was previously shown

that OCTs and OCTNs transporters in mammalian CNS are
overwhelmingly present mainly in glial cells [8, 9, 27]. In this
study we also found that glial cells predominantly accumu-
lated cisplatin in living brain slices, while neurons did not.

In pericytes (Figure 1(a)) and astrocytes (Figures 1(d) and
1(e)) cisplatin was accumulated in ribosomes: both ribosome
associated with the rough endoplasmic reticulum (Figures
1(d) and 1(e)) and free ribosomes look completely dark
because of the amount of bound cisplatin. Interestingly, the
nuclei of these cells also had some moderate accumulation
of the platinum drug, but the staining was significantly less
pronounced (Figure 1). Our data support the suggestion by
Heminger et al. [28] that RNA may be the main target of
cisplatin. RNA constitutes the predominant material within
the ribosome, which is approximately 60% RNA and 40%
protein by weight [29], making the ribosomes extremely
visible in electron microscopy after platination. Recently
it was shown that accumulation of platinated adducts in
total cellular RNA is 20 times stronger than in DNA [18].
Interestingly, accumulation of platinated DNA adducts was
previously found by immunostaining in the mitochondria of
cultured lung cancer cells and in the nucleus, preferentially at
loci with high-density chromatin [30]. Mitochondrial injury
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was previously reported to be involved in cisplatin side effects
[31]. Some but relativelymild staining was seen in the nucleus
(Figures 1(a) and 1(e)) and in mitochondria (Figure 1(a)) of
glial cells in our preparations.

The most visible electron-dense staining was present
in oligodendrocytes, particularly in the myelin sheath sur-
rounding axons (Figures 1(b) and 1(c)). Unlike pericytes
and astrocytes, it was difficult to trace the cell body of
these cells, but cisplatin-marked myelin sheaths were present
in the majority of preparations, suggesting that myelin is
one of the specific targets of this platinum-containing drug.
Ultrastructural changes in myelin were not evident by elec-
tron microscopy after acute application of cisplatin in our
experiment, but the high concentration of platinum product
in the sheath suggests oligodendrocytes were the main target.
The long term effect of the platinum drug directly on myelin
is unclear. Myelin structure was unaltered in chemotherapy-
induced neuropathy by cisplatin [32] and there is evidence
that cisplatin can even reduce demyelination in autoimmune
encephalomyelitis [33].

5. Conclusions

The in vivo “cisplatin staining” method validated that early
targets of cisplatin in rat brain slices aremyelin and ribosomes
in glia.

Conflict of Interests

The authors have no competing interests.

Acknowledgments

This research was supported by NIH/NINDS SNRP Grant
1U54 N 5083924-01 for Lidia Zueva, G12 MD007583 to
Mikhail Inyushin and Priscila Sanabria; SC2GM102040-01A1
Grants to Lilia Kucheryavykh, NIH-NIGMS-SC1-GM088019
to Misty Eaton, and NIH-NINDS-R01-NS065201 to Serguei
Skatchkov. The content is solely the responsibility of the
authors and does not necessarily represent the official views
of the National Institutes of Health. This paper is subject to
the NIH Public Access Policy.

References

[1] T. Y. Seiwert, J. K. Salama, and E. E. Vokes, “The chemoradiation
paradigm in head and neck cancer,” Nature Clinical Practice
Oncology, vol. 4, no. 3, pp. 156–171, 2007.

[2] B. F. Pan, D. H. Sweet, J. B. Pritchard, R. Chen, and J. A.
Nelson, “A transfected cell model for the renal toxin transporter,
rOCT2,” Toxicological Sciences, vol. 47, no. 2, pp. 181–186, 1999.

[3] A. Yonezawa, “Platinum agent-induced nephrotoxicity via
organic cation transport System,” Yakugaku Zasshi, vol. 132, no.
11, pp. 1281–1285, 2012.

[4] M. Hayer-Zillgen, M. Brüss, and H. Bönisch, “Expression
and pharmacological profile of the human organic cation
transporters hOCT1, hOCT2 and hOCT3,” British Journal of
Pharmacology, vol. 136, no. 6, pp. 829–836, 2002.

[5] L. Y. Kucheryavykh, K. Rolón-Reyes, Y. V. Kucheryavykh
et al., “Glioblastoma development in mouse brain: general

reduction of OCTs and mislocalization of OCT3 transporter
and subsequent uptake of ASP+ substrate to the nuclei,” Journal
of Neuroscience andNeuroengineering, vol. 3, no. 1, pp. 3–9, 2014.

[6] L. Y. Kucheryavykh, Y. V. Kucheryavykh, K. Rolón-Reyes et al.,
“Visualization of implanted GL261 glioma cells in living mouse
brain slices using fluorescent 4-(4-(dimethylamino)-styryl)-N-
methylpyridinium iodide (ASP+),” BioTechniques, vol. 53, no. 5,
pp. 305–309, 2012.

[7] U. Karbach, J. Kricke, F. Meyer-Wentrup et al., “Localization of
organic cation transporters OCT1 and OCT2 in rat kidney,”The
American Journal of Physiology—Renal Physiology, vol. 279, no.
4, pp. F679–F687, 2000.

[8] M. Inazu, H. Takeda, and T. Matsumiya, “Expression and func-
tional characterization of the extraneuronal monoamine trans-
porter in normal human astrocytes,” Journal of Neurochemistry,
vol. 84, no. 1, pp. 43–52, 2003.

[9] M. Y. Inyushin, A. Huertas, Y. V. Kucheryavykh et al., “L-DOPA
uptake in astrocytic endfeet enwrapping blood vessels in rat
brain,” Parkinson’s Disease, vol. 2012, Article ID 321406, 8 pages,
2012.

[10] S. R. McWhinney, R. M. Goldberg, and H. L. McLeod, “Plati-
num neurotoxicity pharmacogenetics,”Molecular Cancer Ther-
apeutics, vol. 8, no. 1, pp. 10–16, 2009.

[11] S. Amptoulach and N. Tsavaris, “Neurotoxicity caused by the
treatment with platinum analogues,” Chemotherapy Research
and Practice, vol. 2011, Article ID 843019, 5 pages, 2011.

[12] R. I. Roelofs, W. Hrushesky, J. Rogin, and L. Rosenberg,
“Peripheral sensory neuropathy and cisplatin chemotherapy,”
Neurology, vol. 34, no. 7, pp. 934–938, 1984.

[13] N.Authier, J.-P.Gillet, J. Fialip, A. Eschalier, and F. Coudore, “An
animal model of nociceptive peripheral neuropathy following
repeated cisplatin injections,” Experimental Neurology, vol. 182,
no. 1, pp. 12–20, 2003.

[14] C. H. Pippitt Jr., H. B. Muss, H. D. Homesley, and V. W. Jobson,
“Cisplatin-associated cortical blindness,”Gynecologic Oncology,
vol. 12, no. 2, pp. 253–255, 1981.

[15] D. J. Gorman, R. Kefford, and R. Stuart-Harris, “Focal encepha-
lopathy after cisplatin therapy,”Medical Journal of Australia, vol.
150, no. 7, pp. 399–401, 1989.

[16] T. Boulikas and M. Vougiouka, “Cisplatin and platinum drugs
at themolecular level,”Oncology Reports, vol. 10, no. 6, pp. 1663–
1682, 2003.

[17] E.M.Hlavin,M. B. Smeaton, and P. S.Miller, “Initiation ofDNA
interstrand cross-link repair in mammalian cells,” Environmen-
tal and Molecular Mutagenesis, vol. 51, no. 6, pp. 604–624, 2010.

[18] A.A.Hostetter,M. F.Osborn, andV. J.Derose, “RNA-Pt adducts
following cisplatin treatment of saccharomyces cerevisiae,”ACS
Chemical Biology, vol. 7, no. 1, pp. 218–225, 2012.

[19] F. Yu, J. Megyesi, and P. M. Price, “Cytoplasmic initiation of
cisplatin cytotoxicity,” The American Journal of Physiology—
Renal Physiology, vol. 295, no. 1, pp. F44–F52, 2008.

[20] Y. Xu, C. Wang, and Z. Li, “A new strategy of promoting
cisplatin chemotherapeutic efficiency by targeting endoplasmic
reticulum stress,”Molecular and Clinical Oncology, vol. 2, no. 1,
pp. 3–7, 2013.

[21] G. L. Beretta, S. C. Righetti, L. Lombardi, F. Zunino, and P.
Perego, “Electron microscopy analysis of early localization of
cisplatin in ovarian carcinoma cells,” Ultrastructural Pathology,
vol. 26, no. 5, pp. 331–334, 2002.

[22] P. Dore-Duffy and K. Cleary, “Morphology and properties of
pericytes,” Methods in Molecular Biology, vol. 686, pp. 49–68,
2011.



Chemotherapy Research and Practice 5

[23] K. K. Filipski, R. H. Mathijssen, T. S. Mikkelsen, A. H. Schinkel,
and A. Sparreboom, “Contribution of organic cation trans-
porter 2 (OCT2) to cisplatin-induced nephrotoxicity,” Clinical
Pharmacology &Therapeutics, vol. 86, no. 4, pp. 396–402, 2009.

[24] R.M. Franke, A.M.Kosloske, C. S. Lancaster et al., “Influence of
Oct1/Oct2-deficiency on cisplatin-induced changes in urinary
𝑁-acetyl-𝛽-D-glucosaminidase,” Clinical Cancer Research, vol.
16, no. 16, pp. 4198–4206, 2010.

[25] G. Ciarimboli, “Membrane transporters as mediators of cis-
platin side-effects,” Anticancer Research, vol. 34, no. 1, pp. 547–
550, 2014.

[26] M. Sala-Rabanal, D. C. Li, G. R. Dake et al., “Polyamine trans-
port by the polyspecific organic cation transporters OCT1,
OCT2, and OCT3,”Molecular Pharmaceutics, vol. 10, no. 4, pp.
1450–1458, 2013.

[27] M. Inyushin, Y. Kucheryavykh, L. Kucheryavykh et al., “Mem-
brane potential and pH-dependent accumulation of decynium-
22 (1,1-diethyl-2,2-cyanine iodide) fluorescence throughOCT
transporters in astrocytes,” Bolet́ın de la Asociación Médica de
Puerto Rico, vol. 102, no. 3, pp. 5–12, 2010.

[28] K. A. Heminger, S. D. Hartson, J. Rogers, and R. L. Matts,
“Cisplatin inhibits protein synthesis in rabbit reticulocyte lysate
by causing an arrest in elongation,”Archives of Biochemistry and
Biophysics, vol. 344, no. 1, pp. 200–207, 1997.

[29] J. H. Cate,M.M. Yusupov, G. Z. Yusupova, T. N. Earnest, andH.
F. Noller, “X-ray crystal structures of 70S ribosome functional
complexes,” Science, vol. 285, no. 5436, pp. 2095–2104, 1999.

[30] C. Meijera, M. J. A. van Luyn, E. F. Nienhuis, N. Blom, N. H.
Mulder, and E. G. E. de Vries, “Ultrastructural morphology and
localisation of cisplatin-induced platinum-DNA adducts in a
cisplatin-sensitive and -resistant human small cell lung cancer
cell line using electronmicroscopy,” Biochemical Pharmacology,
vol. 61, no. 5, pp. 573–578, 2001.

[31] Z. K. Zsengellér, L. Ellezian, D. Brown et al., “Cisplatin nephro-
toxicity involves mitochondrial injury with impaired tubular
mitochondrial enzyme activity,” Journal of Histochemistry and
Cytochemistry, vol. 60, no. 7, pp. 521–529, 2012.

[32] A. Gilardini, R. L. Avila, N. Oggioni et al., “Myelin structure
is unaltered in chemotherapy-induced peripheral neuropathy,”
NeuroToxicology, vol. 33, no. 1, pp. 1–7, 2012.

[33] X.-B. Li and H. J. Schluesener, “Therapeutic effects of cisplatin
on rat experimental autoimmune encephalomyelitis,”Archivum
Immunologiae etTherapiae Experimentalis, vol. 54, no. 1, pp. 51–
53, 2006.


