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ABSTRACT 

 Morphological alterations of the liver from rhesus macaque (Macaca mulatta) 

experimentally infected with hepatitis C virus (HCV) were analyzed using electron 

microscopy. The localization of viral RNA and proteins inside hepatocytes was 

demonstrated using in situ hybridization and immunoelectron microscopy techniques. 

The animals were inoculated by different routes. The infection was successful only by 

use of the intrasplenic approach to HCV infected autogenic hepatocyte transplant. The 

inoculum used to infect the hepatocytes was characterized as genotype 3 with 10
7
 RNA 

copies/mL. In situ hybridization was performed using a complementary negative and 

positive strand probe made with the specific primer. Despite that the level of HCV 

infection was considered to be low, we were able to detect and localize viral positive 

and negative RNA strands and viral proteins in altered membranes of the rough 

endoplasmic reticulum in infected liver cells, showing evidence of viral replication in 

vivo. 

 

INTRODUCTION 

Hepatitis C virus (HCV), a major cause of chronic hepatitis, may lead to cirrhosis 

and to hepatocellular carcinoma (Houghton 1996). Identified only after the development 

of recombinant DNA technology (Choo et al. 1989), the HCV contains a positive 

stranded RNA genome and has been classified as a Hepacivirus within the Flaviviridae 

family. The viral RNA, after entry into the cell is liberated into the cytoplasm and 

translated to a large polyprotein that is cleaved by action of cellular (Penin et al. 2004) 

and viral proteases (NS2/3 protease and NS3 serine protease) into the structural 

proteins, which consist of capsid protein (core) and envelope proteins (E1, E2), the 

hydrophobic peptide P7 and the nonstructural proteins NS2, NS3, NS4A, NS4B, NS5A, 

NS5B. The interactions that occur between HCV proteins and intracellular membranes 

showed their essential role in virus replication (Debuisson et al. 2002, Salonen et al. 

2004). The replication of positive-strand RNA viruses is associated with modified 

cytoplasmic membranes which provide an environment for RNA replication and 

assembly of viruses (Solonen et al. 2004, Novoa et al. 2005). The proteins of HCV form 

a complex tightly associated with endoplasmic reticulum membranes (Egger et al. 

2002), where the plus-strand RNA genome is copied into a minus-strand RNA 
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intermediate, that serves as a template for the synthesis of excess amounts of plus-strand 

RNA molecules which are encapsulated forming virions or serving as mRNAs for viral 

protein synthesis (Bartenschlager & Lohmann 2000, Pawlotsky 2004). Recent reports 

considered the presence of negative strand RNA HCV as indicative of viral replication 

and its correlation with cytological alterations in human liver (Chang et al. 2000, Quadri 

et al. 2001, Falcón et al. 2003, Yuki et al. 2006). HCV do not replicate easily in cell 

cultures, and the infection titer in vivo is usually quite low; consequently, details about 

its replication cycle, both in vivo and in vitro, are not completely understood. The 

detection of HCV minus-strand RNA in experimentally infected chimpanzee liver was 

shown by reverse transcription/ polymerase chain reaction (RT-PCR) (Shimizu et al. 

1998). In situ hybridization studies of the genomic RNA have been revealed in 

chimpanzee hepatocytes by immunohistochemical reaction (Negro et al. 1992). In 

addition, some reports described the detection of HCV RNA minus-strand in human 

liver by in situ hybridization technique also, not showing the ultrastructural localization 

of HCV RNA (Lamas et al. 1992, Nouri-Aria et al. 1993, Gastaldi et al. 1995, Sansonno 

et al. 1997, Chang et al. 2000). Shimizu et al. (1996) observed a positive reaction in the 

liver biopsies of HCV infected chimpanzees, using the immunofluorescence technique 

with anti-HCV envelope protein. Ultrastructural observations of hepatocytes of 

chimpanzee and human liver biopsies showed the HCV core protein localized around 

lipids droplets and endoplasmic reticulum membranes (Barba et al. 1997, Falcón et al. 

2003). Since the development of HCV replicons capable of replication in a human 

hepatoma Huh-7 cell line (Lohmann et al. 1999) was realized, several studies of HCV 

morphogenesis were published. Using electron microscope observation, 

immunolabelling of Huh-7 cells harboring a subgenomic HCV replicon showed HCV 

non-structural proteins (Pietschmann et al. 2001, Mottola et al. 2002, Moradpour et al. 

2003, Gosert et al. 2003, Moradpour et al. 2004), structural proteins (Pietschmann et al. 

2002) and viral plus-strand RNA (Gosert et al. 2003) in altered membranes of the 

endoplasmic reticulum, designated the membranous web (Egger et al. 2002), and 

suggesting that this structure was the site of viral RNA synthesis representing the 

replication complex of HCV (Gosert et al. 2003). The aim of the present study is to 

characterize the intracellular localization of the positive and negative HCV RNA strands 

and the viral proteins inside the liver tissue of HCV infected rhesus monkeys at the 

ultrastructural level of resolution for a better understanding of HCV replication in vivo. 
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Materials and Methods 

 Animals. 

 Six clinically healthy adult rhesus primates (Macaca mulatta), non-reactive for 

HCV antibodies, provided by the Primatology Department of the Center for Laboratory 

Animal Breeding of the Fundação Oswaldo Cruz, Rio de Janeiro, Brazil, were included 

in the study. They showed normal levels of alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) liver enzymes. Environmental conditions included 

temperature of 22-24
o
C, relative humidity of 60%, exposition to light for 12 hours per 

day. The animals were feeded with commercial food and water ad libitum, housed in 

individual cages, and cared according to biosafety level 2 precautions and procedures 

outlined in compliance with the Ethical Committee for Animal Research 

(CEUA/Fiocruz: P-0013/00). 

 

 Inoculum. 

 The serum sample used in the present experiment was chosen among human 

patients presenting an acute and early phase of HCV infection. The criterium of choice 

was based on the highest viral load and poor antibody response, so that a serial testing 

was performed on the samples of alanine aminotransferase, anti-HCV, and HCV RNA. 

HCV antibodies were tested through a third generation enzyme immune assay (EIA) 

(Abbott) and qualitative and quantitative HCV RNA detection through a real time PCR. 

The protocol of procedures was submitted to the Human Research Committee of the 

Oswaldo Cruz Foundation and reviewed by the Institutional Review Board. The clinic-

based acute hepatitis C cases (jaundice and with elevated serum aminotransferase level) 

were submitted to clinical evaluation and had blood samples collected at the National 

Reference Laboratory of Viral Hepatitis (NRLVH) / Oswaldo Cruz Foundation, Rio de 

Janeiro, Brazil. Finally, the inoculum was characterized by PCR (Cobas Amplicor) as 

HCV positive RNA, genotype 3 and quantified as 10
7
 RNA copies/mL. 

 Electron microscopy. 

 Epon embedding. 

 Liver tissue biopsies were fixed with 2% glutaraldehyde in 0.06 M sodium 

cacodylate buffer, pH 7.4, for one hour at room temperature, followed by an overnight 

period at 4
o
C. They were dehydrated in graded acetone and embedded in Epon resin. 
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Ultra-thin sections were stained with uranyl acetate and lead citrate and examined with 

a Zeiss EM-900 electron microscope. 

 Low temperature embedding. 

 The glutaraldehyde fixed liver samples were dehydrated in increasing 

concentrations of ethanol using progressively lower temperatures starting with 30% 

ethanol followed by 50%, 70%, 90%, 95% ethanol at 4
o
C, and finally two changes of 

100% ethanol at –20
o
C. Samples were then infiltrated and embedded with LR Gold 

resin containing 0.5% benzoin methyl ether at –20
o
C. Resin embedded samples were 

then transferred to pre-cooled resin-filled Beem
®

 capsules and polymerized using 

ultraviolet irradiation for 24 h at -20
o
C followed by 16 h incubation at room temperature 

(Grief et al. 1991). 

 In situ hybridization. 

 The methodology developed by Grief et al. (1997) was adapted to performance 

the electron microscopy in situ hybridization for hepatitis C virus. The first step in the 

production of the dig-labelled probes was to isolate HCV RNA from patient serum 

which was obtained from an HCV positive individual. Viral RNA was isolated by 

commercial kit (Qia amp viral RNA - Qiagen) and then used for complementary DNA 

(cDNA) synthesis using a negative sense primer- 5’ UTR HCV region 322 to 343 (5’ggt 

gCA Cgg TCT ACg AgA CC 3’). After cDNA was amplified by PCR using a set 18 to 

36 (5’ ggC gAC ACT CCA CCA TRR AT 3’) and 322 to 343 anti sense synthetic 

oligonucleotide K-10 and K-11 primers respectively. For nested PCR inner primers 

were: sense, 38 to 57 (5’ ACC ATR RAT CAC TCC CCT gT 3’) -K15 primer and 

antisense 288 to 308 (5’ ACC GCA CCC TAT CAg gCA T 3’) K16 primer. The PCR 

consisted of 94
o
C/30s denaturation step, 50

o
C/45s annealing step and 72

o
C/90s 

elongation step. Both PCR procedures were similar, except for the 25 consecutives 

cycles used in the nested. Then, new PCR was made and the DNA was labelled with 

degoxigenin dNTPs during the nested asymmetric PCR. In order to use this DNA to 

produce single stranded probes, the primers and the uncorporated nucleotides were 

removed (Qiaquick PCR - Qiagen). The negative strain probe was made with K15 

primer and the positive strain probe with K16 primer. 

 The efficiency of this procedure was confirmed by dot blot hybridization onto a 

nylon membrane. This was carried out using a four-fold serial dilution of each probe 
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(negative and positive).The negative strand probe was detected down to the fifth four-

fold dilution while the positive probe was detected down to the third four-fold dilution. 

 Hybridization - The hybridization mixture was prepared by dilution of the dig-

labelled HCV probe 1:10 using hibridization buffer, and boiling for 5 minutes prior to 

use. The hibridization buffer contained: dextran sulphate, MW 55,000 10% w/v, 

formamide 50% w/v, polyvinylpyrolidone 0.05%, herring sperm DNA 500 µg/mL, 

sodium dodecyl sulphate (SDS) 0.05 w/v, buffer (2xSET) 50 mM Tris-HCl, 300 mM 

NaCl, 2 mM EDTA pH 7.4. 

In situ hybridization at the ultrastructural level was performed on infected and 

non-infected monkey liver tissue using a 1:10 dilution of the dig-labelled probe. 

Ultrathin sections (approximately 75 nm thick) of LR gold embedded liver tissue 

were picked up onto acetone-washed 300 mesh hexagonal gold grids. The grids were 

then immersed into 10 µL droplets of the hybridization mixture and incubated for 4 h at 

37
o
C, washed by transferring onto 5 droplets of 20 mM Tris buffered saline (TBS) 

pH7.4, containing 0.5% Tween 20, followed by 5 droplets of 20 mM TBS 7.4. In 

sequence the grids were incubated for 1 hour at room temperature with a 1:40 dilution 

of goat anti-digoxigenin antibody conjugated to 10 nm colloidal gold using a buffer 

containing 0.2 M Tris-HCl pH 7.4, NaCl 150 mM, fish gelatin 0.1%, Tween 20 0.5%, 

bovine serum albumin 1%. The grids were then washed with distilled water and dried 

before contrast staining for 5 minutes using a 2% aqueous solution of uranyl acetate. 

Immunoelectron microscopy. 

 Liver samples of infected and control animals were embedded in LR Gold resin 

and ultra-thin sections were placed on gold grids. The sections were incubated with 

anti-hepatitis C core antibody (1:5 dilution), NS5A monoclonal antibody (Virogen, 1:10 

dilution) and with an anti-hepatitis C E1, E2, NS3, NS4 polyclonal antibody (Oxford 

Technology, 1:10 dilution) using a buffer containing 0.2 M Tris HCl pH 8.2, NaCl 150 

mM, fish gelatin 0.1%, 0.5% Tween 20, bovine serum albumin 1% at 37
o
C for 1 hour. 

The grids were then washed with distilled water and incubated again with 10nm 

colloidal gold linked protein-A solution in 0.2 M Tris HCl pH 8.2, NaCl 150 mM, fish 

gelatin 0.1%, 0.5% Tween 20, bovine serum albumin 1% at 37
o
C for 1 hour. The grids 

were then washed with distilled water, stained with a 2% aqueous solution of uranyl 

acetate for 10 minutes, dried, and examined with a Zeiss EM-900 electron microscope. 
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RESULTS 

The biopsy samples of the animal intrasplenically inoculated using the autogenic 

hepatocyte transplant methodology infected with HCV were taken at two different time 

intervals (57 days and 4 months). Morphological analysis was executed in order to 

detect and localize HCV RNA and proteins. 

Completely disorganized focal areas in the liver parenchyma were observed at 

57 days p.i. using light microscopy and semi-thin sections. The cytoplasm of 

hepatocytes was strongly vacuolated and rarefied. At four months p.i., hepatocytes in 

the damaged areas became rounded and swollen; some picnotic nuclei occurred; the cell 

membrane was apparently discontinuous, and the typical regular sinusoidal cell 

disposition was lost. Ultrastructural observations of Epon-embedded infected liver 

sections showed a membranous web and dilated rough endoplasmic reticulum (rER), 

vesicles and cysterns surrounding mitochondria (Fig.1). 

Electron microscopy in situ hybridization showed that gold labelling was 

consistently found over the rER membranes (Fig. 2) and over vesicles which proliferate 

during HCV infection inside the rER cysterns (Fig. 3), using the positive strand probe 

(K16). Using the negative strand probe (K15), the labelling was found over the 

membranes of dilated rER cysterns surrounding mitochondria (Fig. 4) The negative 

control material, which consisted of liver biopsies from an animal transplanted with 

non-infected hepatocytes, did not showed any specific labelling. 

The immuno-EM labelling obtained with a monoclonal antibody against the core 

protein showed gold particles accumulated on membranes of dilated vesicles of the rER 

surrounding mitochondria and on the outer membrane of mitochondria (Figs. 5, 6). 

Similar findings were observed using a polyclonal antibody against NS3, NS4, E1, E2 

proteins (Fig. 7), and with a NS5A-specific label (Fig. 8). 
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Figure 1. Liver biopsy of a rhesus macaque infected with HCV at four months p.i. 

Liver sample embedded in Epon shows alterated membranes of the rER membranous 

web and vesicles, besides mitochondria (M). Bar =200nm. Figure 2. In situ 

hybridization using a digoxigenin-labelled positive strand probe (K16). The gold 

particles demonstrate the presence of the negative HCV strand RNA on the 

membranous web. Bar = 300nm. Figure 3. The same preparation as in Figure 2. Gold 

particles (arrow) are laying over a smooth vesicle inside a rER cystern. Bar = 300nm. 

Figure 4. HCV-infected hepatocyte using in situ hybridization. The label (K15 probe) 

shows gold particles (arrows) on the membranes of the dilated rER in close association 

with mitochondria (M) and the cell nucleus (N). Bar = 500nm. Figure 5. Immunogold 

analysis of core protein labelled with a core-specific monoclonal antibody. Gold label 

was detected on dilated rER vesicles in vicinity of mitochondria. Bar = 300nm. Figure 

6. Immunogold analysis of core protein labelled with a core-specific monoclonal 

antibody. Gold particles were detected on rER cystern membranes and on the outer 

membrane of a mitochondrium. Bar = 300nm. Figure 7. Hepatocyte labelled with a 

polyclonal antibody against HCV proteins E1, E2, NS3 and NS4. Gold particles are 

present on membranes of rER vesicles. Bar = 300nm. Figure 8. Immunolabelling of 

HCV NS5 protein showing gold particles on membranes of rER cysterns. Bar = 300nm. 

 

 

DISCUSSION 

We previously reported the morphological changes of rhesus hepatocytes caused 

by HCV infection, when patches of microtubuloreticular aggregates were observed 

inside the hepatocytes cytoplasm (Barth et al. 2003). Similar structures were observed 

also by Pfeiffer et al. (1980) in hepatocytes of HCV-infected chimpanzees by 

expression of the HCV structural proteins from a SFV recombinant RNA replicon 

(Greive et al. 2002) and by Egger et al. (2002) in a HCV infected tetracycline-regulated 

cell line. 

Positive RNA labelling was observed at both time intervals and with both 

molecular probes, when the hepatocytes showed an increase in rER and vesicle 

formation. However, the labelling pattern shown by each of the dig-labelled probes was 

occasionally found to be rather different. Thus in the case of K16, which is the positive 

strand probe, labelling was more frequently localized over associated rER membranes 

and over vesicles which proliferate during HCV infection inside the rER cysterns (Figs. 

2, 3). It is most likely that the K16 probe detected the presence of the replication 

intermediate negative strand viral RNA. The location of this intermediate replication 

form could represent the site of the HCV replication center within the liver cell. In the 

case of K15, the negative complementary strand probe, the gold labelling was 

consistently found over the membranes of dilated rER cysterns surrounding 
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mitochondria (Fig. 4), and was detected over alterated membranes of the rER 

(Majerowicz et al. 2004) together with the K16 probe also. 

The present investigation using EM-immuno labelling localized the core and the 

NS HCV proteins in membranes of cysterns and vesicles of the rER in infected rhesus 

monkey liver biopsies. Our results are in accordance with previous studies that detected 

HCV proteins in human and chimpanzee liver biopsies (Barba et al. 1997, Falcón et al. 

2003, Kasprzak et al. 2005) and in genetically modified cell systems expressing 

subgenomic HCV replicons (Egger et al. 2002, Mottola et al. 2002, Gosert et al. 2003). 

We observed the core protein also on the outer membrane of mitochondria, as 

described by Kasprzak et al. (2005), Okuda et al. (2002) and Schwer et al. (2004). It has 

been suggested that the localization of HCV core protein on mitochondria would be a 

good position to encapsidate HCV RNA released from the replication complex and that 

core protein may alterate the mitochondrial function, changing the cellular physiology 

to favor viral replication (Schwer et al. 2004). Moreover, the viral RNA was also 

observed, in our study, frequently on dilated rER cysterns close to mitochondria. It has 

been known that there is a contact site between rER and mitochondria (Rizzuto et al. 

2000, Csordás et al. 2006), providing the condition to control ER-derived Ca
2+

 signal 

distribution to the mitochondria (Hajnóczky et al. 2000) and the activity of apoptotic 

proteins in the ER (Walter & Hajnóczky 2005). 

The absence of any clearly defined virus particle in our EM specimens may be 

explained by the fact that this virus replicates very slowly and that the number of virus 

particles is likely to be very low making detection very difficult. Few virus-like 

particles were observed in cytoplasmic vesicles of human (Bosman et al. 1998, Falcón 

et al. 2003) and chimpanzee (Shimizu et al. 1996) hepatocytes. These authors concluded 

that HCV–positive cells in a liver tissue are very rare and difficult to be detected using 

electron microscopy. 

The positivity of HCV replication was provided in the present study by the 

development of a more accurate diagnostic tool to HCV infection which improved the 

access to viral genome in liver samples. 

In conclusion, the in situ hybridization and immunolabelling at the 

ultrastructural level of resolution has enabled the clear localization of HCV RNA and 

viral proteins in hepatocytes of a rhesus monkey, which has been previously challenged 

with a strain of the HCV. It provides important information about the nature of in vivo 
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intracellular HCV replication in rhesus hepatocytes and supports the previous positive 

PCR results, confirming that this particular monkey was infected with HCV. 
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