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Abstract

Neurogenesis continues in the human subventricular zone and to a lesser extent in the 

hippocampal subgranular zone throughout life. Subventricular zone-derived neuroblasts migrate to 

the olfactory bulb where survivors become integrated as interneurons and are postulated to 

contribute to odor discrimination. Adult neurogenesis is dysregulated in many neurological, 

neurovascular and neurodegenerative diseases. Alcohol abuse can result in a neurodegenerative 

condition called alcohol-related brain damage. Alcohol-related brain damage manifests clinically 

as cognitive dysfunction and the loss of smell sensation (hyposmia) and pathologically as 

generalized white matter atrophy and focal neuronal loss. The exact mechanism linking chronic 

alcohol intoxication with alcohol-related brain damage remains largely unknown but rodent 

models suggest that decreased neurogenesis is an important component. We investigated this idea 

by comparing proliferative events in the subventricular zone and olfactory bulb of a well-

characterized cohort of 15 chronic alcoholics and 16 age-matched controls. In contrast to the 

findings in animal models there was no difference in the number of proliferative cell nuclear 

antigen-positive cells in the subventricular zone of alcoholics (mean ± SD = 28.7 ± 20.0) and 

controls (27.6 ± 18.9, p = 1.0). There were also no differences in either the total (p = 0.89) or 

proliferative cells (p = 0.98) in the granular cell layer of the olfactory bulb. Our findings show that 

chronic alcohol consumption does not affect cell proliferation in the human SVZ or olfactory bulb. 

In fact only microglial proliferation could be demonstrated in the latter. Therefore neurogenic 

deficits are unlikely to contribute to hyposmia in chronic alcoholics.
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Introduction

Alcohol abuse is the world’s third leading cause of disease and disability (World Health 

Organisation, 2011). In the United States 6.7% of the population over 12 years of age were 

classified as heavy drinkers while 23% of the population had participated in binge drinking 

(Substance Abuse and Mental Health Services Administration, 2010). In Australia, 13% of 

all adults currently indulge in high-risk alcohol consumption (Australian Bureau of 

Statistics, 2006) and the societal cost is estimated to be $15 billion per annum (Collins and 

Lapsley, 2008).

One of the more serious consequences of chronic alcohol consumption is alcohol-related 

brain damage (ARBD). ARBD is characterized by impairment of cognitive functions (Green 

et al., 2010), including working memory deficits (Pfefferbaum et al., 2001) and smell 

sensation (hyposmia) (Rupp et al., 2003). On postmortem examination the brains of chronic 

alcoholic are mildly atrophic, largely due to white matter (WM) deficits (Harper et al., 1988; 

Pfefferbaum et al., 2009), but also focal neuronal loss (Harper et al., 1987). Previous work 

from our group has shown cortical neuronal loss from the prefrontal cortex of alcoholics, 

whereas other areas such as the primary motor cortex show no neuronal loss (Kril et al., 

1997). Fundamental questions remain about how the chronic abuse of alcohol leads to 

ARBD, an area that is clouded by the concomitant effects of alcohol on other organs such as 

the liver, on nutrition, on risk-taking behavior potentially associated with head injury and the 

close association of alcoholism with other lifestyle choices such as smoking (Brust, 2010).

Adult mammalian neurogenesis, a recently identified paradigm in the adult human brain, 

occurs in the subgranular zone (SGZ) of the hippocampus and subventricular zone (SVZ) of 

the wall of the lateral ventricle (Eriksson et al., 1998). Neuroblasts derived from the SVZ 

migrate tangentially to the olfactory bulb (OB), via the rostral migratory stream (RMS), 

where most of the survivors become integrated into the granule cell layer (GCL) as 

interneurons (Altman, 1969; Doetsch and Alvarez-Buylla, 1996; Lois and Alvarez-Buylla, 

1994). Animal studies suggest that these interneurons contribute to odor discrimination 

(Enwere et al., 2004; Sakamoto et al., 2011).

Neurogenesis is known to be dysregulated in neurological (epilepsy) (Liu et al., 2008), 

psychiatric (depression) (Lucassen et al., 2010), neurovascular (stroke) (Jin et al., 2006; 

Marti-Fabregas et al., 2010) and neurodegenerative diseases (reviewed by Curtis et al.

(Curtis et al., 2007a) and Thompson et al. (Thompson et al., 2008)). The latter include 

Alzheimer’s (Crews et al., 2010), Huntington’s disease (HD) (Curtis et al., 2003, 2005) and 

possibly Parkinson’s disease (Hoglinger et al., 2004; van den Berge et al., 2011).

ARBD is also a neurodegenerative disease and animal models of both binge and chronic 

alcohol consumption have shown a decrease in hippocampal (SGZ) (He et al., 2005; Nixon 

and Crews, 2002; Taffe et al., 2010) and SVZ neurogenesis (Hansson et al., 2010), although 

a further study suggested that chronic alcohol exposure only decreased SGZ neurogenesis 

with no effect on the OB (Herrera et al., 2003).

Recent studies showing minimal neurogenesis in the adult human SGZ (Low et al., 2011; 

Lucassen et al., 2010) combined with work from our own laboratory showing no 
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hippocampal neuron loss in chronic alcoholics (Harding et al., 1997) suggests that SGZ 

neurogenesis is unlikely to play a major role in ARBD.

In contrast there are relatively high levels of proliferation in the human SVZ (Low et al., 

2011) and chronic alcohol consumption could well reduce adult born interneurons in the OB 

and contribute to the hyposmia associated with ARBD. Here we test this hypothesis by 

comparing proliferative events in the SVZ and OB of 15 chronic alcoholics and 16 controls.

Materials and methods

Case selection

Prior approval for this project was obtained from the Human Research Ethics Committee of 

the University of Sydney (HREC #13027). Tissue was obtained from the New South Wales 

Tissue Resource Centre (NSW TRC), a member of the Australian brain Bank Network and 

part-funded by the National Institute on Alcohol Abuse and Alcoholism (R24AA012725) to 

provide brain tissue for alcoholism research. The brain donor program of the NSW TRC is 

approved by the University of Sydney’s Human Research Ethics Committee (HREC 

#X11-0107) and their banking procedures have been previously described (Sheedy et al., 

2008). NSW TRC supplied information on age, gender, cause of death, post-mortem interval 

(PMI), brain pH, alcohol consumption, smoking status, liver pathology and macro- and 

microscopic neuropathology. The latter included a detailed assessment for metabolic 

(hepatic) encephalopathy (HE)(Harris et al., 2008), scored as none, mild (1 or more 

Alzheimer Type II astrocytes (At2a) per 200× field), moderate (2–3 At2a per field) or severe 

(mostly At2a). Lifestyle factors, including alcohol consumption and a Diagnostic and 

Statistical Manual of Mental Disorders-IV (DSM-IV) diagnosis were based on next of kin 

questionnaires and the available medical records. Mean daily alcohol consumption rates 

were recorded as grams of ethanol per day based on the number of standard drinks using 

Australian National Health and Medical Research Council guidelines (http://

www.nhmrc.gov.au/your-health/alcohol-guidelines). Lifetime consumption (kg) was 

calculated using mean daily consumption rate × number of years drinking × 365. Chronic 

alcoholics were defined as those individuals who had consumed greater than 80 g of alcohol 

(ethanol) per day for the majority of their adult life (usually >30 years) while controls had 

consumed less than 20 g of alcohol per day. Cigarette use was described in mean pack years 

where 1 mean pack year equals 1 packet of (20) cigarettes per day for one year.

Immunohistochemistry

Tissue blocks (20 mm × 15 mm × 3 mm) incorporating the wall of the lateral ventricle and 

corpus callosum at the level of the head of the caudate were obtained from fixed brain slices 

of 15 alcoholics and 16 controls. The 3 mm slices had been previously stored in 15% 

formalin for periods ranging from 4 to 11 years. Blocks of tissue were cryoprotected for two 

days in 30% sucrose in 0.1 M TBS (pH 7.4) with 0.1% (v/v) sodium azide, before 

embedding in OCT compound (Tissue-Tek, Torrance, CA, USA), freezing using CO2 and 

sectioning into thick (48 µm) sections using a freezing microtome (Leica microsystems, 

Wetzlar, Germany). Thick sections were also cut from the available olfactory bulbs (OB) of 

eight controls and five alcoholics. Antigen retrieval for PCNA immunohistochemistry was 
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performed on free-floating thick sections incubated overnight at 60 °C in 10 mM sodium 

citrate (pH 8.5). Sections were then incubated in 50% ethanol containing 1% (v/v) hydrogen 

peroxide for 30 min, followed by 10% normal horse serum (NHS) in 0.1 M TBST 

containing 0.1% Triton X-100 for 30 min. The PCNA primary antibody (PC-10; sc-56, 

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at 1:750 (or 1:1000 for some OB 

sections) was applied for 1 h at room temperature (RT), then overnight at 4 °C, followed by 

1 h at RT. The sections were incubated in a biotinylated secondary antibody (1:200; Vector 

Laboratories Inc., Burlingham, CA,) for 1 h, an avidin/biotin/peroxidase complex (1:100; 

Vectastain Elite ABC, Universal) for 1 h and diaminobenzidine (DAB) in the presence of 

5% hydrogen peroxide for 20 min. In addition 7 µm thick sections of the middle lateral 

ventricle wall (level of nucleus accumbens) were cut from a formalin-fixed paraffin-

embedded (FFPE) block of one of the controls (64-year old male) where the tissue had been 

fixed for three weeks before embedding. The thin sections were immunostained for PCNA 

and a second proliferative marker Ki-67 (MIB1, M7240, Dako, Carpinteria, CA). Here a 

harsher antigen retrieval regime was used with sections in 10 mM Tris/1 mM EDTA (TE 

buffer; pH 9) heated to 120 °C for 30 min in a decloaking chamber (Biocare Medical, 

Concord, CA) and incubated with PCNA (1:750) or Ki-67 (1:100). Cresyl violet (CV) and 

luxol fast blue (LFB) staining of thick and thin sections from selected individuals was 

performed according to standard protocols to demonstrate the cytoarchitecture.

FFPE thin sections were also cut from an OB of an additional neurologically normal control 

(49-year old male). This OB had been fixed for eight weeks before embedding. Antigen 

retrieval was performed in 10 mM Tris 1 mM EDTA buffer pH 9.0 using a decloaking 

chamber set at 95 °C for 20 min. The neuronal density in the GCL was investigated using 

the pan-neuronal marker NeuN (rabbit polyclonal (ABN78), 1:200, Merck Millipore, 

Billerica, USA) as described above.

Immunofluorescent microscopy experiments were also performed on these OB FFPE thin 

sections. PCNA antibody was used in a cocktail with either beta III tubulin (rabbit 

polyclonal, 1:250, GR79976, Abcam, Cambridge, UK), GFAP (glial fibrillary acidic 

protein; rabbit polyclonal, 1:200, Z0334, Dako), Iba1 (ionized calcium-binding adapter 

molecule 1, rabbit polyclonal (019–19741) 1:150, Wako Chemicals USA Inc), Olig2 (rabbit 

polyclonal, 1:100, GR80025-1, Abcam), NG2 (a chondroitin sulfate proteoglycan, rabbit 

polyclonal, 1:200, AB5320, Merck Millipore) or NeuN (1:100) antibodies.

Sections were incubated with the secondary antibodies: AlexaFluor 488, goat anti-rabbit 

IgG, A-11008 and AlexaFluor 594, goat anti-mouse IgG, A-11005 (Invitrogen) at 1:200 

dilution, for 30 min. Sections were then incubated in 0.1% sudan black B (B.D.H Laboratory 

Chemicals Group) in 70% ethanol for 4 min, and counterstained with DAPI (3 µM; 

Invitrogen, D306). Sections were viewed with a fluorescent microscope (Olympus AX-70) 

and images taken with an Olympus DP70 camera and imported using DP controller v2.2 

software. Images were also obtained using confocal microscopy (Leica SPE-II microscope 

with Leica LAS AF software platform, Leica Microsystems, Wetzlar, Germany) at the 

Advanced Microscopy Facility, Bosch Research Institute, University of Sydney. Contrast 

and brightness were minimally altered using GNU Image Manipulation Program (GIMP) 

v2.8 and co-localization images were created using either DP Manager v2.2 or Leica LAS 
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AF software (confocal images). Images were annotated in Photoshop CS5 (Adobe) and 

GIMP v2.8.

Quantification

The combination of rare events and poorly defined boundaries meant that standard 

stereological methods could not be applied here. For the SVZ, the research scientist was 

blinded to case status and an inter-rater reliability of less than 5% was initially established 

with an experienced neuropathologist. Manual counting was performed on an Olympus 

BH-2 (Olympus Optical Co. Japan) using an eyepiece graticule at 200× magnification. All 

PCNA-positive cells beneath a 0.5 mm long strip of the ependymal layer were quantified in 

the dorsal, middle and ventral regions of the rostral SVZ and the mean PCNA count 

calculated (adapted from Curtis et al., 2005). The ventral region was torn during preparation 

in approximately 50% of the sections and in these cases the mean PCNA count was 

determined from the dorsal and middle regions only.

Olfactory bulbs

The GCL was identified based on its medial location in the OB and its morphology of 

irregularly arranged (clumped) but densely packed micro-nuclear cells. Care was taken to 

avoid the anterior olfactory nuclei that can be present within the OB in humans (Smith et al., 

1993). As pan-neuronal markers such as NeuN and MAP2 are poorly detected by 

immunostaining in medium to long-term fixed brain tissue (Lyck et al., 2008) total cells 

were counted on cresyl violet-stained thick sections using an eyepiece graticule at 1000× 

magnification (total area per field = 0.01 mm2). As a high neuron:glial ratio had been 

previously reported for the murine GCL (Parrish-Aungst et al., 2007) total cells in the GCL 

were used as a surrogate for neurons. PCNA-positive cells were counted at 200× 

magnification (total area per field = 0.25 mm2). All cells within a graticule were counted 

unless they were associated with capillaries and where possible, three areas were counted for 

each bulb (rostral, middle and caudal) and three counts of non-overlapping graticules were 

performed for each area. The mean cell counts per mm2 were converted to mm3 by dividing 

by the thickness of the sections (approximately 0.05 mm). Due to the rarity of events, 

counting in the OB was performed by two research scientists and PCNA-positive cells 

reached by consensus.

Statistical analysis

The software program JMP 8 (SAS Institute Inc, Cary, US) was used to perform all 

statistical analyses with a p-value < 0.05 accepted as the level of significance with no 

corrections made for multiple comparisons. Group differences were determined using 

analysis of variance or Chi2 analysis. A stepwise regression analysis was also used to 

investigate the relationship between SVZ PCNA-positive cells and potential confounders 

such as fixation period, liver disease, HE status and smoking pack years.

Results

Our aim was to determine whether chronic alcohol exposure has a deleterious effect on 

proliferation in the origin (SVZ) and destination (OB) of adult-born neurons in the human 
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brain. A reduction in proliferation was expected given the decreased neurogenesis seen in 

animal models of chronic alcohol intoxication.

High alcohol, cigarette consumption and liver disease often co-exist in chronic alcoholics

There were no differences in gender, mean postmortem interval (PMI), brain pH, tissue 

fixation time, or brain weights between the cases and controls (Table 1). However, along 

with alcohol consumption, cigarette use and presence of severe liver disease was 

significantly higher in alcoholics. Most of the alcoholics in the study were current smokers 

(n = 14) and on average had smoked four-fold more cigarettes than controls. Moderate or 

severe liver pathology was seen in 8/15 alcoholics, compared to only moderate pathology in 

three controls while 7/15 alcoholics had neuropathological changes consistent with mild or 

moderate hepatic encephalopathy (HE) (Harris et al., 2008). The Diagnostic and Statistical 

Manual of Mental Disorders-IV (DSM-IV) criteria for alcohol dependence was met by 9/15 

alcoholics, while the remainder met the less severe criteria for alcohol abuse (American 

Psychiatric Association, 2000).

Proliferation is not decreased in the subventricular zone of chronic alcoholics

This study focused on the rostral wall of the lateral ventricle adjacent to the head of the 

caudate nucleus (Figs. 1A and B). The cytoarchitecture of the SVZ varied along the dorso-

ventral axis, with a hypocellular layer immediately below the ependymal layer (EP), that 

becomes more prominent in the wider ventral region (over the head of the caudate) (Figs. 1C 

– E). Strikingly, the EP appears as a multicellular layer in mounted thick (48 µM) sections 

due to the flattening of the ependymal surface. A thin band of myelin separates the SVZ 

from the underlying parenchyma (Fig. 1E (inset)).

Our expectation was that SVZ proliferation would decrease with prolonged exposure to 

alcohol. To test this hypothesis the PCNA-positive cells beneath a 0.5 mm long strip of the 

EP were quantified in three sites (dorsal, middle and ventral) and the mean regional counts 

compared between the two groups. There was no difference in mean PCNA-positive cells in 

the SVZ of alcoholics (n = 14, mean ± SD = 28.7 ± 20.0) and controls (n = 16, 27.6 ± 18.9, 

p = 1.0). There was also no difference when the three SVZ regions were compared 

individually: dorsal (22.4 ± 17.3 versus 24.8 ± 23.0, p = 0.75), middle (32.3 ± 26.8 versus 

25.2 ± 17.6, p = 0.41) and ventral (42.5 ± 28.3 versus 33.8 ± 25.3, p = 0.53) (Figs. 1F – H). 

One caveat here is that counts were obtained from the ventral region of only 15 individuals 

(6 alcoholics). In the other individuals the mean counts were based on just the dorsal and 

middle regions, while one alcoholic was excluded as only their dorsal SVZ region could be 

quantified.

Our results are similar to those reported by Curtis et al. who found means of 25.3, 21.3 and 

41.8 PCNA-positive cells in the dorsal, middle and ventral part of their controls (n = 3) 

(Curtis et al., 2005). As our counting strategy was slightly different, the Curtis et al. figures 

need to be adjusted by a factor of 0.8 giving equivalent mean counts of 31.6, 26.6 and 52.3 

for their dorsal, middle and ventral regions, respectively.

There was also no correlation between PCNA-positive cells in the SVZ and either mean 

daily (r2 = 0.01, p = 0.58) or lifetime alcohol consumption (r2 = 0.006, p = 0.68).
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There are no changes in the total number of cells or proliferative events in the granule cell 
layer of chronic alcoholics

Most surviving neuroblasts from the mammalian SVZ become integrated into the GCL as 

interneurons (Altman, 1969; Doetsch and Alvarez-Buylla, 1996; Lois and Alvarez-Buylla, 

1994). The murine GCL has a cell density of approximately 410,000 cells/mm3 and a high 

neuron:glia ratio (Parrish-Aungst et al., 2007). It has been estimated that half the 

interneurons are turned over annually (Imayoshi et al., 2008) and at any one time there is 

likely to be between 7 and 11,000 new neurons/mm3 in the murine OB (Mouret et al., 

2009a). There have been no studies quantifying proliferative events in the human GCL 

although a recent study measuring 14C levels suggested that turnover in the adult OB was 

low and restricted to non-neuronal cells (Bergmann et al., 2012). It is also possible that GCL 

interneurons, like those in the frontal association cortex, are susceptible to the direct 

neurotoxic effects of alcohol (Kril et al., 1997). In this case we might expect a decrease in 

GCL cells in excess of that explained by a reduced turnover of new neurons.

Given the variety of interneuron phenotypes in the GCL combined with a lack of reliable 

pan-neuronal markers for long-term formalin-fixed human brain tissue (Lyck et al., 2008) 

we used total cell counts as a surrogate for the GCL interneurons. Unfortunately only a 

subset of OBs was available for study here but we found no difference in granule cell 

numbers between alcoholics (n = 5, 267,618 ± 62,692 cells/mm3) and controls (n = 8, 

272,007 ± 53,325 cells/mm3, p = 0.89) (Figs. 2A and B). There was also no decrease in 

PCNA-positive cells in alcoholics (147.6 ± 76.9 versus 148.9 ± 109.9 cells/mm3 in controls, 

p = 0.98) (Fig. 2C). In contrast to the murine GCL (11,000 new neurons or 3% of total 

granule cells), PCNA-positive cells appear to be rare in the human OB, representing less 

than 0.005% of total granule cells in the controls (Figs. 1E and F). Lastly, neither total GCL 

cells nor PCNA-positive GCL cells were correlated with mean daily or lifetime alcohol 

consumption.

Potential confounders have no apparent impact on proliferation in the adult human brain

Chronic alcoholics commonly possess the neurotoxic combination of both heavy alcohol and 

tobacco use combined with liver disease and all three could potentially affect neurogenesis. 

In terms of post-mortem effects, fixation time can decrease the availability of epitopes 

including PCNA to immunodetection (Hall et al., 1990). We performed a multivariate 

analysis to determine whether any of these factors were associated with PCNA 

immunopositivity in the SVZ, along with age, gender, brain weight, brain pH, PMI, and total 

lifetime alcohol consumption. There were no significant associations, with age having the 

highest relative effect (p = 0.18). A Pearson correlation analysis of age and SVZ-PCNA 

showed a positive trend (r2 = 0.12, p = 0.06).

We also performed stratified analyses within the alcoholic group but found no significant 

differences in SVZ-PCNA positivity between HE alcoholics (n = 6) and non-HE alcoholics 

(n = 8, p = 0.98), or cirrhotic alcoholics (n = 2) and non-cirrhotic alcoholics (n = 12, p = 

0.76).
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Smoking abuse essentially acts as a surrogate for alcohol consumption in this study with 

94% of alcoholics compared to 50% of controls current or past smokers and a significant 

correlation between lifetime alcohol intake and mean pack years (r2 = 0.23, p = 0.008). As 

expected there was no relationship between smoking history (ever/never, n = 21, 26.7 ± 17.6 

versus n = 8, 35.4 ± 21.9, p = 0.22) or mean pack years (r2 = 0.0001, p = 0.98) and SVZ 

PCNA-positive cells.

PCNA staining in the human lateral ventricle wall is more prolific than seen with another 
common proliferation marker, Ki-67

It is now known that PCNA has additional roles outside of the G1/S phases of the cell cycle 

including DNA repair suggesting that a proportion of SVZ events could represent post-

mitotic PCNA expression. Other proliferative markers have been used in SVZ studies 

including Ki-67 (Macas et al., 2006; Sanai et al., 2011), MCM2 and Musashi-1 (Low et al., 

2011) and we sought to use Ki-67 staining to corroborate our PCNA findings in the SVZ.

In our experience Ki-67 (Fig. 3A) and PCNA (Fig. 3D) produce similar patterns of staining 

in (FFPE) thin sections of high-grade brain tumors such as a glioblastoma multiforme 

(GBM; WHO, grade 4). However Ki-67 required a much more severe antigen retrieval 

regimen. In provisional work here we investigated Ki-67 staining in several free-floating 

thick sections, but these were extensively damaged by harsh antigen retrieval and were 

unsuitable for staining. As an alternative, we stained 7 µm FFPE sections of the lateral 

ventricle wall at a more posterior region (adjacent to the nucleus accumbens) from a one of 

the controls (64-year old male) for both PCNA and Ki-67. The density of PCNA positive 

cells in the SVZ was consistent with the results for thick sections (Figs. 3B and C), while 

only one to two Ki-67 positive cells were seen over the entire SVZ (Figs. 3E and F).

Cell phenotypes in the human olfactory bulb

Given the additional flexibility of short-term fixed 7 µm FFPE sections for 

immunohistochemistry we explored the cellular makeup of the GCL in an additional 

neurologically normal individual (49-year old male). This OB had been fixed for eight 

weeks prior to paraffin embedding. Unlike the long-term fixed thick sections the OB and 

GCL in particular were immunopositive for the pan-neuronal marker, NeuN (Fig. 4). This 

allowed us to calculate a GCL neuron:glia ratio of approximately 3:1 (3.06 ± 0.73), a figure 

higher than that previously reported in mice (1.6:1)(Parrish-Aungst et al., 2007).

We then carried out immunofluorescent microscopy to determine the likely phenotype of the 

PCNA-positive cells in the GCL. Widefield microscopy allowed us to demonstrate co-

localization with the cytoplasmic microglial marker, Iba1 (Fig. 5E)) and exclude co-

localization with the nuclear mature neuronal marker, NeuN (Fig. 5G) However given 

complex and intertwining nature of neuronal and astroglial processes it was not possible 

with widefield microscopy to exclude co-localization between PCNA and the cytoplasmic 

markers for immature neurons (beta III tubulin (Fig. 5F)), and astrocytes (GFAP (Fig. 5H)). 

The subsequent use of confocal microscopy demonstrated that PCNA only co-localized with 

Iba1 (Fig. 5I) and not with the other markers (Figs. 5(J–L).
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Discussion

Our results suggest that chronic alcoholism does not affect cell proliferation in the adult 

human SVZ or OB. Our findings are in direct contrast to the deleterious effects of prolonged 

alcohol exposure on SVZ neurogenesis in rats (Hansson et al., 2010) and a number of 

studies in the rodent hippocampal SGZ (reviewed by Crews and Nixon, 2009). They are 

more consistent with an additional study in rats with prolonged exposure to alcohol (6 

weeks) that reported decreased neurogenesis in the SGZ but not in the OB (Herrera et al., 

2003).

We also report no difference in total granule cell numbers suggesting that interneurons in the 

GCL, that make up the majority of the cell population, are not susceptible to the direct 

neurotoxic effects of alcohol or other potential neurodegenerative effects such as 

hepatotoxicity associated with chronic alcoholism (Temmel et al., 2005). Although 

immunostaining with the pan-neuronal marker, NeuN was restricted to FFPE sections of a 

single neurologically normal individual, the neuron: glia ratio of around 3:1 seems to 

support our decision to use total GCL cells as a surrogate for the interneurons. This ratio 

does however exceed the 1.6:1 described for the murine GCL (Parrish-Aungst et al., 2007) 

and further work is required to accurately quantify the human GCL cytoarchitecture.

Animal models strongly suggest that the GCL and particularly adult-born interneurons play 

an active role in odor discrimination (Enwere et al., 2004; Moreno et al., 2009; Mouret et al., 

2009b; Sakamoto et al., 2011). From our work, the lack of group differences combined with 

the rarity of proliferative cells and their likely microglial phenotype collectively argues 

against a role for adult neurogenesis in the pathogenesis of hyposmia of chronic alcoholics 

(Rupp et al., 2003).

As our cell counts in the OB were restricted to the GCL it is possible that other neuronal 

populations, such as the mitral cells, are susceptible to the neurotoxic effects of alcohol. 

Having said this, most pathology in ARBD is actually associated with white matter atrophy 

with neuronal loss only being reported in a few isolated regions such as the prefrontal cortex 

(Kril et al., 1997). It is perhaps not surprising that there were no relationships between GCL 

total cells and lifetime alcohol consumption.

Our OB results are consistent with a previous suggestion that the olfactory cortex is a more 

likely site for the abnormalities associated with odor processing in chronic alcoholics 

(Maurage et al., 2011). However we are not aware of any pathological studies that have 

examined cortical regions involved in olfactory processing such as the insula or the piriform 

and orbitofrontal cortices. In contrast, neuronal loss has been reported in the amygdala in 

chronic alcoholics (Alvarez et al., 1989), a region receiving direct input from the OB. 

Amygdaloid atrophy in alcoholics has also been demonstrated with magnetic resonance 

imaging study (Makris et al., 2008).

Outside of ARBD, patients with neurodegenerative disorders such as Alzheimer’s disease 

(AD) and Parkinson’s disease (PD) show deficits in both SVZ neurogenesis (Curtis et al., 

2007a; Thompson et al., 2008) and smell sensation. Although potential relationships 

between SVZ neurogenesis and hyposmia may occur, typical AD (primarily tau)(Tsuboi et 
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al., 2003) and Lewy body pathology (Hubbard et al., 2007; Ubeda-Banon et al., 2010) in the 

OB and to a variable extent throughout the entire olfactory system, would appear to be a 

more obvious pathological substrate. Interestingly in Huntington’s disease (HD), despite the 

significant increase in SVZ proliferation (Curtis et al., 2003), both patients (Moberg et al., 

1987) and asymptomatic mutation carriers (Larsson et al., 2006) still experience deficits in 

olfactory function.

Our study was unusual for pathological studies of human brain autopsy tissue in that it relied 

on non-stereological counting methods. These were utilized because of the combination of 

ill-defined boundaries of the SVZ and GCL and the rarity of the events being demonstrated. 

If stereological methods were applied, most of the frames sampled in the GCL, in particular, 

would contain no cells of interest making the accuracy of the method poor while we did not 

have the whole anatomical structure to measure from in all cases. Our approach is supported 

by other studies that have used non-stereological counting to estimate rare proliferating cells 

in neural tissue (Benes and Lange, 2001; Devesa et al., 2011)

The primary aim of our study was to explore whether proliferation in the SVZ and OB is 

affected by chronic alcohol abuse. However, we also examined one of the largest groups of 

neurologically normal individuals studied to date and it seems pertinent to discuss our 

findings in the general context of adult neurogenesis. This relatively recent finding in the 

human brain has generated great excitement regarding its potential therapeutic manipulation 

for neuropsychiatric conditions including ARBD (Crews and Nixon, 2009). Adult 

neurogenesis in the SGZ was originally demonstrated using the exogenous marker BrdU (5-

bromo-2′-deoxyuridine) in combination with mature neuronal markers including NeuN 

(Eriksson et al., 1998). Eriksson et al. also showed BrdU-positive cells in the SVZ although 

neurogenesis was only demonstrated subsequently by co-localization between beta III 

tubulin and PCNA (Curtis et al., 2003). Adult born neurons were then identified in the 

human OB (Bedard and Parent, 2004) before Curtis et al. (2007b) linked the two structures 

by demonstrating an active RMS.

In particular the discovery of ongoing neurogenesis in the adult SGZ has created great 

excitement and research endeavor. Especially because of the morbidity associated with 

neurological disorders that manifest with symptoms of hippocampal neuron loss such as 

depression and memory deficits (Thompson et al., 2008). These include ARBD (Crews and 

Nixon, 2009) while decreased hippocampal neurogenesis has also been postulated to 

underlie addiction vulnerability including to alcohol and disorders such as schizophrenia that 

are highly co-morbid with substance abuse (Chambers, 2012).

However more recent studies have challenged the prolificacy of neurogenic events in both 

the normal adult human SGZ (Low et al., 2011; Lucassen et al., 2010) and the SVZ, RMS 

and OB (Bergmann et al., 2012; Sanai et al., 2011; Wang et al., 2011). Similarly the 

dysregulation of SGZ neurogenesis in pathological conditions such as AD (Crews et al., 

2010) and SVZ neurogenesis in PD (Hoglinger et al., 2004) have been questioned 

(Boekhoorn et al., 2006; van den Berge et al., 2010). In particular, Boekhoorn et al. found no 

evidence of neurogenesis in AD patients or controls, suggesting that Ki-67 immunopositive 

cells in the AD SGZ were most likely to be newborn astrocytes. These inconsistent findings 
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are likely to reflect, amongst other factors, the relative prolificacy of adult neurogenesis 

between humans and animal models, and the choice of proliferative markers (Boekhoorn et 

al., 2006) and these factors are discussed further below.

Our findings with PCNA suggest that neuroblasts continue to be produced in the adult 

human SVZ but few, if any, reach the GCL. Given the technical limitations of 

immunohistochemical techniques in long-term fixated tissue we had to rely on a single 

short-termed fixed OB to demonstrate co-localization between proliferative and cell-specific 

markers. Notwithstanding our limited observations we could only show PCNA co-positivity 

with the microglial marker, Iba1, with no evidence of either neuronal or astroglial 

proliferation. While microglial activation is seen in ARBD (He and Crews, 2008) it is not 

clear whether there is also proliferation. We cannot comment on microglial activation but 

we saw no difference between alcoholics and controls in PCNA cells that would support 

altered microglial proliferation in the olfactory bulb.

We also cannot rule out the possibility that some PCNA-positive cells were oligodendrocyte 

precursor cells, as our nuclear oligodendrocytic lineage marker Olig2 antibody stained all 

cell nuclei while the specific oligodendrocyte precursor cell marker, NG2, appears to be 

detectable in frozen human brain tissue only (Ahmed et al., 2012).

The lack of adult-born neurons in the OB examined here does contrast with the work of 

Bedard et al. who showed co-localization between Ki-67 and the early neuronal marker, 

NeuroD (Bedard and Parent, 2004). Bedard and colleagues also showed co-localization 

between beta III tubulin and another immature neuron marker, doublecortin, but not with 

either Ki-67 or PCNA. However our findings of microgliogenesis are consistent with a 

recent study that utilized nuclear bomb test-derived 14C in genomic DNA and found 

evidence of non-neuronal, but not neuronal cell turnover, in the adult human OB (Bergmann 

et al., 2012). Interestingly the study by Bergmann and colleagues included subjects with 

substance (alcohol) abuse (30%) of which 3/9 had a diagnosis of alcohol dependence.

PCNA is highly sensitive for proliferative events in both neoplastic and physiologically 

proliferative tissues (Hall et al., 1990) and shows equivalent immunoreactivity in the SVZ 

with another proliferative marker MCM2 (Low et al., 2011). In contrast proliferative 

markers such as Ki-67 (Macas et al., 2006; Sanai et al., 2011) and phosphohistone H3 

(pHH3) (van den Berge et al., 2011) reveal only ‘trace’ amounts of positive cells in the adult 

human SVZ. Given the current controversy about the true extent of SVZ neurogenesis in the 

adult human brain (Arellano and Rakic, 2011) we had hoped to add a degree of clarification 

to this issue. However we were only able to demonstrate that these two markers do indeed 

behave quite differently in fixed human brain tissue. Our lack of success with Ki-67 

reinforced to us that the relative sensitivity of these proliferative markers is a complex issue 

that must take into account the fixation method, fixation period as well as the biological 

half-life of the target epitopes. PCNA in mitotically active cells is most abundant during the 

G1 and S phase of the cell cycle (Kurki et al., 1988) but it has a relatively long half-life 

(estimated to be 20 h (Bravo and Macdonald-Bravo, 1987)). In comparison Ki-67 is 

expressed across all active phases of the cell cycle but has a short half-life (approximately 1 

h (Bruno and Darzynkiewicz, 1992)). While the relative antigen retrieval regimes required 
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here suggest that formalin fixation of brain tissue results in greater cloaking of the MIB-1 

antigen (Ki-67)(Shi et al., 1997) compared to PCNA (clone PC10). We are unsure if Ki-67 

retrieval was optimal but we were able to demonstrate similar levels of staining as PCNA in 

adjacent FFPE thin sections of a GBM. We do note that Boekhoorn et al. (2006) and 

Wharton et al., (2005) have been able to demonstrate Ki-67-positive glial cells in the 

hippocampi of AD patients and aged-matched controls.

However PCNA, unlike Ki-67, is also expressed in post-mitotic cells under conditions such 

as DNA repair (Stoimenov and Helleday, 2009) and therefore it could potentially 

overestimate proliferative events in the SVZ. We are continuing to explore the extent of 

proliferation in the adult human SVZ but at present we can only state that the true number of 

mitotic events lies somewhere between those reported here and previously with PCNA 

staining (Curtis et al., 2003, 2005; Low et al., 2011; van den Berge et al., 2011) and the trace 

levels seen with Ki-67 (Macas et al., 2006; Sanai et al., 2011).

ARBD is unique among the neurodegenerative diseases in that abstinence from alcohol 

leads to a degree of functional recovery and work in animal models suggests that this 

involves neurogenesis (Crews et al., 2005). Our study did not include individuals who had 

abstained from alcohol prior to their death so we were unable to directly test this hypothesis. 

However given that chronic alcohol consumption doesn’t actually reduce proliferation it 

seems unlikely that recovery could be attributed to a compensatory increase in neurogenesis.

Lastly, in terms of comparative physiology, there are substantive behavioral changes when 

adult SVZ neurogenesis is deliberately interrupted in macrosmatic species such as mice 

(Sakamoto et al., 2011). It also appears that SVZ neurogenesis in rats and mice is more 

sensitive to alcohol than in microsmatic humans, with both fetal exposure (Akers et al., 

2011) and chronic intoxication of adults (Hansson et al., 2010) leading to long lasting 

deficits. Similarly chronic alcoholism decreases SGZ neurogenesis in rodents and this has 

been linked to symptoms of depression and learning and memory deficits in alcoholics 

themselves (Nixon, 2006). While we cannot comment directly on the human SGZ we note 

that Low et al. not only found very little proliferation in the human SGZ but that a history of 

depression did not affect SGZ precursor cell numbers (Low et al., 2011).

Overall the contrasting responses to neurotoxic substances such as alcohol combined with 

the disparate prolificacy of adult-born neurons in the human OB (Bergmann et al., 2012) and 

SGZ (Boekhoorn et al., 2006; Low et al., 2011; Lucassen et al., 2010) suggests that 

neurogenic niches of laboratory animals behave quite differently to their human counterparts 

under both physiological and pathological conditions.

Conclusion

In summary chronic alcohol intoxication does not affect cell proliferation in the SVZ or OB 

of the adult human brain. In fact only microglial proliferation could be demonstrated in the 

latter. Although our findings contrast with those from animal models of alcohol intoxication, 

it appears unlikely that aberrant neurogenesis or microgliogenesis in the OB contributes to 

hyposmia in chronic alcoholics.
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Fig. 1. 
The anatomy and PCNA immunostaining of the adult human subventricular zone. This 

series of micrographs depicts the rostral region of the lateral aspect of the lateral ventricle 

wall in neurologically normal brains. (A) A photograph of a hemi-coronal section showing 

the corpus callosum (CC), the lateral ventricle (V) and the head of the caudate nucleus (CN). 

Scale bar = 1 cm. (B) A photomicrograph of a cresyl violet-stained thick section (48 µm) of 

the rostral lateral ventricle wall. The internal capsule (IC) is now more discernable than in 

(A) while black arrows mark the three sampling sites used in this study. Scale bar = 5 mm. 

(C–E) Cresyl violet-stained sections show the cytoarchitecture of the dorsal (C), middle (D) 

and ventral (E) regions of the lateral ventricle wall. Double-ended black arrows indicate the 

extent of the subventricular zone (SVZ) in each region. The SVZ itself and the hypocellular 

layer adjacent to the overlying ependymal layer (EP) increase in width in a dorso-ventral 

direction. In thick sections the EP appears to contain several layers, but this is a preparation 

artifact. (E inset) Luxol fast blue staining (with Fast Red counterstain) reveals the myelin 

layer (intense purple) that demarcates the SVZ from the underlying parenchyma. (F–H) 

Photomicrographs of PCNA immunostaining of the dorsal (F), middle (G) and ventral 

regions (H) of the ventricle wall. PCNA-positive cells in the SVZ are increased in a dorso-

ventral direction whereas staining of the supposedly post-mitotic EP was more variable. 

Scale bars (C–H) = 100 µm.
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Fig. 2. 
The anatomy and PCNA immunostaining of the adult human olfactory bulb. (A) A low 

power micrograph of a human OB shows its laminated structure. From the periphery, the 

OB is made up of the olfactory nerve layer (ONL), the glomerular layer (GL), the external 

plexiform layer (EPL) and the central granule cell layer (GCL). In this OB, the GCL 

surrounds a bulbar component of the diffuse anterior olfactory nucleus (AON). The mitral 

cell layer lies between the EPL and GCL. Scale bar = 0.5 mm. (B) A high power view of the 

GCL showing the typical clumping pattern of the micronuclear interneurons, the 
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predominant cell type in this layer. (C) A single PCNA-positive cell is demonstrated within 

the GCL. Scale bars (B–C) = 50 µm.
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Fig. 3. 
A comparison of Ki-67 and PCNA immunostaining in the adult human brain. These 

photomicrographs are of thin (7 µm) paraffin-embedded sections of a glioblastoma 

multiforme (GBM; WHO, grade 4) (A and D) and a more posterior (caudal) section of the 

lateral ventricle wall (adjacent to the nucleus accumbens) from a 64-year old male control 

(B, C, E, F). High power images of the GBM show equivalent amounts of (A) PCNA and 

(D) Ki-67 staining with a mitotic figure in the latter. Scale bars (A and D) = 50 µm. Low 

power images show the disparity between (B) PCNA and (E) Ki-67 staining in the lateral 

ventricle wall. A black arrow in (E) shows a single Ki-67 positive cell. In thin sections the 

ependymal layer is now seen as a single-layer cuboidal epithelium that is PCNA (B), but not 

Ki-67-positive. (E) Scale bars (B and E) = 200 µm. High power views of (C) PCNA and (F) 

Ki-67 immunostaining of the SVZ. Scale bars (C and F) = 100 µm.
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Fig. 4. 
NeuN staining of the olfactory bulb. Positive immunostaining for the pan-neuronal marker 

NeuN was observed in short-term FFPE thin sections of the olfactory bulb from an 

additional neurologically normal individual (49-year old male). A low power micrograph 

from a section counterstained with haematoxylin (A) demonstrates the typical architecture of 

the human olfactory bulb including the densely packed granule cell layer (GCL). Other 

regions include the peripheral olfactory nerve layer (ONL), the glomerular layer (GL) with 

its distinctive non-cellular and oval-shaped glomeruli (black arrow) and the external 

plexiform layer (EPL) adjacent to the GCL. Scale bar = 500 µm. The high power micrograph 

(B) shows that the majority of the cells in the GCL are NeuN-positive interneurons. Scale 

bar = 100 µm.
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Fig. 5. 
Co-localization studies in the granular cell layer. Immunofluorescence was used to 

determine the phenotype of the PCNA-positive cells in FFPE thin sections of the granule 

cell layer (GCL) from an additional neurologically normal individual (49-year old male). All 

sections were stained with the nuclear marker DAPI, although DAPI is not shown in images 

E–H for ease of viewing. The PCNA/DAPI (A–D) and corresponding PCNA/cell specific 

marker (E–H) widefield micrographs show rare PCNA-positive nuclei (white arrows). These 

widefield images show co-localization (yellow) between PCNA and the cytoplasmic 

microglial marker, Iba1 (E) but no co-localization with the nuclear mature neuronal marker, 

NeuN (G). There was also no obvious co-localization (yellow) between PCNA and the 

cytoplasmic markers for immature neurons, beta III tubulin (F), and astrocytes, GFAP (H). 

Confocal micrographs from areas adjacent to those used in the widefield images show co-

localization of PCNA and Iba1 (I) but not beta III tubulin (J), NeuN (K) or GFAP (L). Scale 

bars = 100 µm (A–H) and 50 µm (I–L).

Sutherland et al. Page 23

Exp Neurol. Author manuscript; available in PMC 2016 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sutherland et al. Page 24

Table 1

Demographic and clinical factors.

Characteristics (±SD) Alcoholics
(n = 15)

Controls
(n = 16)

p-value

Mean age (years) 55.2 (8.8) 54.0 (9.2) 0.71

Gender M/F 13/2 10/6 0.12a

Mean PMI 28.5 (9.8) 31.5 (16.0) 0.52

Mean brain weight (g) 1398 (148) 1388 (149) 0.96

Mean brain pH 6.5 (0.29) 6.6 (0.27) 0.96

Mean fixation period (months) 20.4 (10.7) 26.4 (27.3) 0.43

Severity of liver pathologyb (0, 1, 2 and 3) 4, 3, 6 and 2 5, 6, 3 and 0c 0.18a

DSM-IV diagnosis: alcohol abuse and dependenced 6 and 9

Hepatic encephalopathology (HE) score (none, mild, moderate, severe) 8, 5, 2 and 0 n.d.

Mean daily alcohol consumption (g/day)d 133.7 (67.3) 6.2 (6.1) <0.0001

Mean peak daily alcohol consumption (g/day)d 218.4 (94.4) 19.3 (12.6) <0.0001

Mean lifetime alcohol consumption (kg) 1591 (709) 69 (73.2) <0.0001

Smoking ever/never (current)d 14/1 (14) 7/7 (5)c 0.007a

Mean smoking pack yearsd 33.7 (21.7) 9.3 (17.3) 0.003

Significant p-values are in bold type (p < 0.05).

n.d. = not done.

a
Chi-square test.

b
Liver pathology: 0 = nil or congestion, 1 = mild steatosis, 2 = severe steatosis/mild fibrosis; 3 = cirrhosis or severe inflammation (acute).

c
Missing data.

d
Estimated from medical history and next of kin questionnaires.
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