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Abstract

Coordinated activity of neural circuitry in the primate dorsolateral prefrontal cortex (DLPFC) 

supports a range of cognitive functions. Altered DLPFC activation is implicated in a number of 

human psychiatric and neurological illnesses. Proper DLPFC activity is, in part, maintained by 

two populations of neurons containing the calcium-binding protein parvalbumin (PV): local 

inhibitory interneurons that form Type II synapses, and long-range glutamatergic inputs from the 

thalamus that form Type I synapses. Understanding the contributions of each PV neuronal 

population to human DLPFC function requires a detailed examination of their anatomical 

properties. Consequently, we performed an electron microscopic analysis of 1) the distribution of 

PV immunoreactivity within the neuropil, 2) the properties of dendritic shafts of PV-IR 

interneurons, 3) Type II PV-IR synapses from PV interneurons, and 4) Type I PV-IR synapses 

from long-range projections, within the superficial and middle laminar zones of the human 

DLPFC. In both laminar zones, Type II PV-IR synapses from interneurons comprised ~60% of all 

PV-IR synapses, and Type I PV-IR synapses from putative thalamocortical terminals comprised the 

remaining ~40% of PV-IR synapses. Thus, the present study suggests that innervation from PV-

containing thalamic nuclei extends across superficial and middle layers of the human DLPFC. 

These findings contrast with previous ultrastructural studies in monkey DLPFC where Type I PV-

IR synapses were not identified in the superficial laminar zone. The presumptive added 
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modulation of DLPFC circuitry by the thalamus in human may contribute to species-specific, 

higher-order functions.
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INTRODUCTION

Working memory, a core cognitive domain (Baddeley, 1992), is altered in a number of 

psychiatric and neurologic illnesses, including schizophrenia (Barch and Ceaser, 2012; 

Lewis et al., 2012), autism spectrum disorder (O’Hearn et al., 2008; Zikopoulos and Barbas, 

2013), and Alzheimer’s disease (Germano and Kinsella, 2005; Jahn, 2013). Working 

memory ability in human and non-human primates depends upon the coordinated activation 

of a distributed neural circuit that includes the dorsolateral prefrontal cortex (DLPFC) 

(Petrides, 2005; Arnsten and Jin, 2014) and the mediodorsal (MD) nucleus of the thalamus 

(Constantinidis and Procyk, 2004; Watanabe and Funahashi, 2012). The DLPFC-MD 

thalamus circuitry important for working memory includes two types of neurons that contain 

the calcium-binding protein parvalbumin (PV): local GABAergic interneurons within the 

DLPFC and long-range glutamatergic afferent inputs from the MD thalamus to the DLPFC.

In the human and non-human primate DLPFC, PV interneuron somata and dendritic and 

axonal processes are predominately located in layers 3 – 4, and the latter form Gray’s Type 

II synapses (Hof et al., 1991; Williams et al., 1992; Conde et al., 1994; Woo et al., 1997; 

Melchitzky et al., 1999; Lewis et al., 2001). Previous ultrastructural analyses in monkey 

DLPFC demonstrated that in both the middle (layers deep 3 – 4) and superficial (layers 2 – 

superficial 3) laminar zones, PV interneurons synapse onto pyramidal cell dendritic shafts, 

spines, somata, and axon initial segments (Williams et al., 1992; Melchitzky et al., 1999).

Glausier et al. Page 2

J Comp Neurol. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In monkeys, the MD thalamus provides robust, direct afferent inputs to the DLPFC (Kievit 

and Kuypers, 1977; Goldman-Rakic and Porrino, 1985; Giguere and Goldman-Rakic, 1988; 

Barbas et al., 1991; Erickson and Lewis, 2004; Negyessy and Goldman-Rakic, 2005). 

Indeed, the majority of all thalamic input to the monkey DLPFC arises from the MD nucleus 

of the thalamus (Barbas et al., 1991), and these afferents exuberantly target the middle 

cortical layers, with sparse and rarely identified afferents in the superficial and deep laminar 

zones (Giguere and Goldman-Rakic, 1988; Barbas et al., 1991; Erickson and Lewis, 2004; 

Negyessy and Goldman-Rakic, 2005). The axon terminals of MD thalamic projections: 1) 

contain PV (Munkle et al., 1999; Negyessy and Goldman-Rakic, 2005); 2) are glutamatergic 

(Pirot et al., 1994); 3) form Gray’s Type I synapses (White, 1986) predominately onto 

pyramidal cell spines (Melchitzky et al., 1999; Negyessy and Goldman-Rakic, 2005); and 4) 

form those synapses exclusively within in the middle laminar zone (layers deep 3 – 4) 

(Williams et al., 1992; Melchitzky et al., 1999; Negyessy and Goldman-Rakic, 2005).

Although the ultrastructural properties of PV thalamocortical and PV interneuron synapses 

in the monkey DLPFC have been carefully characterized as described above (Williams et al., 

1992; Melchitzky et al., 1999; Negyessy and Goldman-Rakic, 2005), no such 

characterization exists for the human DLPFC. These data are important to acquire in order to 

appropriately design and interpret anatomical and functional studies of human DLPFC in 

disease states. Moreover, the use of experimental and anatomical studies in other species to 

understand the impact of PV synaptic alterations in human disease requires knowledge of 

the extent to which non-human anatomy reflects that of human. Indeed, differences exist 

between human and non-human primates in prefrontal cortex (PFC) anatomy and PFC-

mediated behaviors (Passingham, 2008; Vendetti and Bunge, 2014; Silbereis et al., 2016). 

Consequently, we performed an electron microscopic ultrastructural analysis of PV axonal 

terminals forming Type I or Type II synapses (putative thalamocortical and interneuron 

terminals, respectively) in the superficial and middle laminar zones of the human DLPFC.

MATERIALS AND METHODS

Human Subjects

Brain specimens were obtained from two sources: the Maryland Brain Collection and the 

University of Pittsburgh. The Maryland Brain Collection cases (N=2) were obtained with 

family permission, and autopsies were performed in the Office of the Chief Medical 

Examiner of Maryland (Roberts et al., 2005). The University of Maryland Institutional 

Review Board approved all procedures. The University of Pittsburgh cases (N=2) were 

obtained during autopsies performed at the Allegheny County Medical Examiner’s Office 

(Pittsburgh, PA) after consent for donation was obtained from the next-of-kin. All 

procedures were approved by the University of Pittsburgh’s Committee for the Oversight of 

Research and Clinical Training Involving the Dead, and the Institutional Review Board for 

Biomedical Research. Information regarding the Maryland Brain Collection cases was 

gathered from medical records, family interviews, and autopsy reports (Roberts et al., 2005). 

Information regarding the University of Pittsburgh cases was also gathered from these 

sources, and an independent committee of experienced research clinicians confirmed the 

absence of psychiatric diagnoses (Volk et al., 2012). Subjects were selected based on the 
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absence of any known psychiatric or neurological diagnoses and the presence of short 

postmortem intervals in order to obtain optimal ultrastructural preservation. Subject 

characteristics are detailed in Table 1.

Tissue Preparation

For the Maryland Brain Collection cases, ~1cm-thick coronal blocks of left hemisphere 

Brodmann area 9 were immersed in a cold solution of 4% paraformaldehyde and 1% 

glutaraldehyde for at least one week at 4oC. Vibratome sections (40μm) were stored in cold 

0.1M phosphate buffer (PB) (Roberts et al., 2005). For the University of Pittsburgh cases, 

~1cm-thick coronal blocks of left hemisphere Brodmann area 9 were immersed in a solution 

of 4% paraformaldehyde and 0.2% glutaraldehyde for 24 hours at room temperature, 

followed by 24 hours at 4°C. Vibratome sections (50μm) were stored in cryoprotectant at 

−30°C. Qualitative examination generally showed better ultrastructural preservation in 

samples fixed for 48 hours than for one week.

Immunohistochemistry

Maryland Brain Collection cases—Single-label immunoperoxidase labeling was 

performed as previously described (Roberts et al., 2005). Briefly, tissue sections were 

incubated in 1% sodium borohydride, then 1.5% H2O2. Sections were then placed in a 10% 

horse serum blocking solution, and incubated at 4°C overnight in a 1.5% horse serum 

blocking solution containing mouse anti-PV (Sigma-Aldrich, St. Louis, MO) diluted at 

1:10,000. On the following day, sections were incubated in biotinylated horse anti-mouse 

(1:250), then in avidin-biotin-peroxidase complex (ABC, Elite kit, Vector, Burlingame, CA). 

Bound peroxidase was visualized by treating sections with 3,3′-diaminodenzidine (DAB) 

containing 0.03% H2O2. Post-fixation in 1% osmium tetroxide, en bloc staining with uranyl 

acetate, dehydration in ascending ethanols and propylene oxide, and embedding in Epon 

resin was performed.

University of Pittsburgh cases—Tissue was processed as previously described 

(Melchitzky et al., 1999). Briefly, tissue sections were incubated in 1.0% sodium 

borohydride, then 1.0% H2O2. Sections were then placed in blocking solution containing 

0.2% bovine serum album, 0.04% Triton X-100, 3% normal horse serum, and 3% normal 

human serum; and then incubated at 4°C overnight in blocking solution also containing 

mouse anti-PV (Swant, Switzerland) diluted at 1:5,000. On the following day, sections were 

incubated in biotinylated horse anti-mouse (1:400), then in ABC. Bound peroxidase was 

visualized by treating sections with DAB containing 0.003% H2O2. Post-fixation in 2% 

osmium tetroxide, dehydration in ascending ethanols and propylene oxide, and embedding 

in Epon resin was performed.

Antibody Characterization—Table 2 details the two primary antibodies used in these 

studies. Tissue sections processed as described, but in which the primary antibody was 

omitted, showed no evidence of specific labeling at the light and/or electron microscopic 

levels. This indicates that the secondary antibodies used did not generate background 

labeling. The mouse anti-PV antibody from Sigma-Aldrich recognizes a single band at a 

molecular weight of approximately 12kDa in immunoblot analysis (Celio, 1986; Park et al., 

Glausier et al. Page 4

J Comp Neurol. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2008), and does not cross react with GABA or glutamate (Celio, 1986). Labeling is 

abolished after preadsorption with purified PV protein (Hackney et al., 2005). The mouse 

anti-PV antibody from Swant specifically labels the 45Ca-binding spot of PV in a two-

dimensional immunoblot, and all specific labeling is abolished in PV knockout mice (Celio 

et al., 1988; Schwaller et al., 1999). The expected pattern of labeling for both primary anti-

PV antibodies (Hof et al., 1991; Melchitzky et al., 1999; Glausier et al., 2009) was seen at 

the light microscopic level in the current study. Qualitative examination showed similar 

levels of PV immunoreactivity in all subject samples.

Analysis of Material

Samples from the superficial (layers 2 - superficial 3) and middle (layers deep 3 – 4) zones 

of the DLPFC (Figure 1A) were taken from the same tissue section per subject, cut in 85nm-

thick ultrathin serial sections, collected on Formvar-coated copper slot grids (Electron 

Microscopy Sciences, Hatfield, PA), and examined on a JEOL JEM 1011 TEM. To assess 

the presence of PV immunoreactivity within the neuropil, 50 fields were imaged at X25,000 

over 2 – 6 ultrathin sections cut in series for each subject and within each laminar zone. 

Thus, on the first ultrathin section in the series, 50 distinct fields were imaged based on 

ultrastructural preservation and presence of PV immunoreactivity, and the same regions were 

then photographed on all subsequent sections in the series. In the superficial laminar zone, 

270 PV-immunoreactive (-IR) profiles were identified, and each subject contributed an 

average of 68 ± 31 profiles. In the middle laminar zone, 432 PV-IR profiles were identified, 

and each subject contributed 108 ± 54 profiles. For axon terminal and mitochondrial 

analyses, 25 PV-IR terminals were identified for each laminar zone within each subject 

(n=100 PV-IR terminals/laminar zone), and examined over 2–6 ultrathin sections cut in 

series. On the first ultrathin section in the series, a putative PV-IR terminal was identified 

and photographed at X25,000. The same region was then photographed at the same 

magnification on all subsequent sections in the series. These images were then used to 1) 

confirm the PV-IR profile as an axon terminal, 2) determine whether and what type of 

synapse was present, and 3) count the number of mitochondria present in the axon terminals. 

To analyze putative pyramidal cell axon terminals, 25 non-PV-IR axon terminals in each 

laminar zone within each subject (n=100 non-PV-IR terminals/laminar zone) were randomly 

selected using a random number generator, and examined across the serial sections. This 

type of axon terminal analysis was performed so that synapses, structures, and organelles 

could be accurately identified and counted only once. Neuronal profiles, mitochondria, and 

synapses were identified using established criteria (Peters et al., 1991). Any labeled 

elements that could not be identified based on these criteria were classified as unknown, and 

excluded from analysis (Bordelon et al., 2005). The representative electron micrographs 

presented in the current manuscript have been digitally altered to increase contrast.

The types of neuronal profiles immunoreactive for PV within the neuropil from the 

Maryland Brain Collection that were labeled with mouse anti-PV (Sigma-Aldrich), and 

subjects from the University of Pittsburgh that were labeled with mouse anti-PV (Swant) 

was compared using a Fisher’s exact test since expected counts were less than five for some 

categories of neuronal profiles. Chi-square analysis was used to compare the distribution of 

labeled neuronal profiles and presence of mitochondria in axonal terminals in superficial and 
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middle laminar zones in the total cohort of four subjects. Independent sample t-tests were 

used to compare the number of mitochondria in PV-IR and non-PV-IR axon terminals.

RESULTS

Light Microscopic Distribution of PV in Human DLPFC

At the light microscopic level (Figure 1), qualitative examination of PV immunoreactivity in 

the human DLPFC showed expected labeling of PV interneuron somata and processes in 

both the superficial (Figure 1B–C) and middle (Figure 1D–E) laminar zones, but PV-IR 

boutons from unknown neurons were prevalent throughout the neuropil of both laminar 

zones. To determine the extent to which the PV-IR boutons in human DLPFC reflected axon 

terminals, the type of synapse formed, and the postsynaptic target, quantitative 

immunoelectron microscopic analyses were performed.

Neuropil Distribution of PV Immunoreactivity in Human DLPFC

Immunoreactivity for PV was identified in all components of the neuropil, including axon 

terminals, pre-terminal axons, dendritic shafts, and dendritic spines in both superficial and 

middle laminar zones (Figure 2). Qualitative analyses indicated that in both laminar zones, 

PV labeling was most commonly seen in dendritic shafts and least commonly identified in 

dendritic spines, consistent with the specific localization of PV to largely aspiny, 

GABAergic neurons (Celio, 1986; Conde et al., 1994). Quantitative analysis demonstrated 

that the proportion of different neuronal profiles immunoreactive for PV did not differ based 

on antibody used in either laminar zone (Figure 3A–B). As such, the data for all four 

subjects were combined for the remaining analyses. The proportion of different neuronal 

profiles immunoreactive for PV did not differ in superficial relative to middle laminar zones 

in the human DLPFC (χ2=6.5, p=0.2; Figure 3C).

PV-IR Dendritic Shafts in Human DLPFC

In both superficial and middle laminar zones, ~50% of PV-IR profiles were dendritic shafts 

(Figure 3). As expected PV-IR dendrites typically exhibited DAB labeling that filled the 

profile, though microtubules, mitochondria, and/or small vesicles could be identified. Many 

PV-IR dendritic profiles received one or more Type I synapses from an unlabeled axon 

terminal (Figure 2B, D). In the superficial laminar zone, 28% (38 of 138) of PV-IR dendritic 

profiles received Type I synapses, and 32% (12 of 38) of those PV-IR dendritic profiles 

received more than one Type I synapse. In the middle laminar zone, 39% (83 of 211) of PV-

IR dendritic profiles received Type I synapses, and 29% (24 of 83) of those PV-IR dendritic 

profiles received more than one Type I synapse. None of the 138 PV-IR dendrites analyzed 

in the superficial laminar zone were innervated by PV-IR axon terminals, and only 1.4% (3 

of 211) of PV-IR dendritic profiles in the middle laminar zone were innervated by a PV-IR 

axon terminal (Figure 2D).

PV-IR Axon Terminals in Human DLPFC

Superficial Laminar Zone—In the superficial laminar zone, 22% of PV-IR profiles were 

axon terminals (Figure 3). As expected, PV-IR terminals typically exhibited DAB labeling 

that filled the profile (Figure 4A–C, Figure 5A–C). Of the 100 PV-IR terminals analyzed 
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across serial ultrathin sections, 48% formed identifiable synapses, and unexpectedly, these 

included both Type I and Type II (Table 3). PV-IR Type I synapses were exclusively formed 

on dendritic spines, whereas Type II synapses primarily targeted dendritic shafts (Table 4). 

One or more mitochondria were present in 76% of all PV-IR terminals examined. In 

contrast, only 45% of 100 randomly selected non-PV-IR axon terminals from the same fields 

contained one or more mitochondrion. Chi-square analysis demonstrated that significantly 

fewer non-PV-IR axon terminals contained mitochondria than PV-IR terminals (χ2=20.1, 

p<0.00001; Table 5). The mean number of mitochondria present in axon terminals was 

significantly higher (t=5.7, p<0.001) in PV-IR axon terminals (0.98 ± 0.75) than non-PV-IR 

axon terminals (0.46 ± 0.52).

Middle Laminar Zone—In the middle laminar zone, 18% of PV-IR profiles were axon 

terminals (Figure 3). As expected, PV-IR terminals typically exhibited DAB labeling that 

filled the profile (Figure 4D–G, Figure 5D–G), and included PV-IR boutons that were of the 

en passant type (Figure 2F). Of the 100 PV-IR terminals analyzed across serial ultrathin 

sections, 57% formed identifiable synapses, including both Type I and Type II synapses. 

Two of the 57 terminals formed two synapses, for a total of 59 identifiable synapses (Table 

3). Type I synapses were formed onto dendritic spines and shafts, including PV-IR dendrites. 

Type II synapses were also formed onto pyramidal cell somata and axon initial segments 

(Table 4). One or more mitochondria were present in 73% of all PV-IR terminals examined. 

In contrast, only 39% of 100 randomly selected non-PV-IR axon terminals from the same 

fields contained one or more mitochondrion. Chi-square analysis demonstrated that 

significantly fewer non-PV-IR axon terminals contained mitochondria than PV-IR terminals 

(χ2=23.5, p<0.00001; Table 5). The mean number of mitochondria present in axon terminals 

was significantly higher (t=5.6, p<0.001) in PV-IR axon terminals (0.95 ± 0.8) than non-PV-

IR axon terminals (0.41 ± 0.53).

DISCUSSION

We performed qualitative and quantitative immuno-electron microscopic analyses of PV-IR 

neuronal profiles and synapses in the DLPFC of four human subjects without any brain 

diseases using 1) two different mouse monoclonal antibodies raised against PV, 2) human 

tissue collected at two different sites, and 3) two distinct laminar zones that were previously 

reported to show differences in PV synaptology in monkey DLPFC (Williams et al., 1992; 

Melchitzky et al., 1999). The neuronal profile localization of PV immunoreactivity did not 

differ within a laminar zone as a function of antibody or tissue source, demonstrating the 

precision and reliability of the current findings.

Characteristics of mitochondria in PV-IR and non-PV-IR axon terminals

In both the superficial and middle laminar zones of the human DLPFC, ~40% of non-PV-IR 

terminals and ~75% of PV-IR terminals analyzed in series contained one or more 

mitochondria. Moreover, PV-IR axon terminals contained twice as many mitochondria as 

non-PV-IR axon terminals. These findings are consistent with previous results in the monkey 

and rodent PFC demonstrating that PV-IR thalamocortical glutamatergic terminals forming 

Type I synapses, and local PV GABAergic terminals forming Type II synapses, contain more 
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mitochondria than axon terminals lacking PV immunoreactivity (Negyessy and Goldman-

Rakic, 2005; Gulyas et al., 2006; Fitzgerald et al., 2012; Takacs et al., 2015). The higher 

prevalence of mitochondria in axon terminals from PV neurons relative to putative 

pyramidal cell axon terminals likely reflects the substantial energy demands required to 

support firing of PV interneurons (Kann et al., 2014) and long-range thalamocortical inputs 

(Gil et al., 1999; but see Schoonover et al., 2014). Of note, the present analysis may 

underestimate the number of mitochondria in both PV-IR and non-PV-IR terminals given 

that complete three-dimensional reconstruction was not performed.

PV-IR Type II synapses in the human DLPFC: laminar and ultrastructural properties

In both laminar zones, the majority of PV-IR axon terminals forming identifiable synapses 

made Type II GABAergic synapses, and ~50% of these were onto dendritic shafts. 

Interestingly, dendritic spines are largely absent within the first ~100μm of apical dendritic 

shafts and ~50μm of basilar dendritic shafts of PFC pyramidal cells in monkey (Medalla and 

Luebke, 2015), and Type II synapses onto these proximal dendrites are prevalent (DeFelipe 

and Farinas, 1992; Williams et al., 1992; Lund and Lewis, 1993). Although the present study 

cannot definitively identify dendritic shafts as pyramidal or non-pyramidal, ~75% of cortical 

neurons are pyramidal cells (Hendry et al., 1987; Hornung and DeTribolet, 1994) which 

have extensive apical and basilar dendritic trees (Amatrudo et al., 2012). Moreover, nearly 

all targeted dendritic shafts were PV-negative (Table 4). Together, these data suggest that PV 

GABA inputs preferentially target proximal pyramidal cell dendritic shafts in the superficial 

and middle layers of the human DLPFC. Moreover, ~20% of PV-IR Type II synapses in both 

laminar zones targeted unlabeled, presumed pyramidal cell, somata. As GABA synapses at 

somata and proximal dendritic shafts powerfully inhibit pyramidal cell output in a precise 

temporal manner (Kubota et al., 2016), the current anatomical data support a role for strong 

PV interneuron inhibition of pyramidal cell output in the superficial and middle laminar 

zones of the human DLPFC.

The predominance of Type II synapses in both laminar zones is consistent with previous 

ultrastructural studies in the monkey DLPFC (Williams et al., 1992; Melchitzky et al., 1999), 

though there may exist subtle differences in the frequency of certain types of postsynaptic 

targets between species, DLPFC cortical area, and cortical layers (Williams et al., 1992; 

Melchitzky et al., 1999). For example, in the middle laminar zone in both monkey 

(Melchitzky et al., 1999) and human DLPFC area 9, ~30% of PV-IR Type II synapses were 

onto unlabeled somata or axon initial segments. However, in the same region and layer, 41% 

of PV-IR Type II synapses were onto dendritic spines in monkey (Melchitzky et al., 1999), 

whereas only 14% of PV-IR Type II synapses innervated dendritic spines in human. As 

GABA synapses onto spines affect synaptic integration within individual axo-spinous 

glutamatergic synapses (Chiu et al., 2013; Kubota et al., 2015), these data may indicate a 

larger role for PV Type II inputs in axo-spinous synaptic integration in the monkey than in 

the human.

Thalamocortical inputs: PV-IR Type I synapses

The identified PV Type I synapses in the human DLPFC most likely reflect thalamocortical 

inputs. For example, PV Type I synapses are unlikely to arise from cortical glutamatergic 
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pyramidal cells, which provide the majority of all glutamatergic synapses in the DLPFC 

(reviewed in DeFelipe et al., 2002; Elston, 2003), as numerous studies have failed to find 

PV-IR pyramidal cells (Blümcke et al., 1990; Baimbridge et al., 1992; Williams et al., 1992; 

Lund and Lewis, 1993; Conde et al., 1994; Gabbott and Bacon, 1996; DeFelipe, 1997; 

Sherwood et al., 2009). To our knowledge, two studies have found PV immunoreactivity in 

pyramidal cells of primates, but this labeling was typically weak and exclusive to the somata 

and proximal dendritic processes of Betz cells and layer 5 pyramidal cells in the primary 

motor, visual, and somatosensory cortices (Preuss and Kaas, 1996; Ichinohe et al., 2004). In 

non-primate species, PV-IR pyramidal-like cells have also been described in the canine 

hippocampal formation and cortex (Hof et al., 1996a; Hof et al., 1996b), and the echidna 

cortex (Hof et al., 1999). Other sources of Type I inputs in the DLPFC include the amygdala 

and the thalamus. The PV-IR Type I synapses identified in the current study are also unlikely 

to arise from the amygdala, as the DLPFC receives sparse input from the amygdala (Barbas 

and De Olmos, 1990; Miyashita et al., 2007), and PV immunoreactivity within the amygdala 

appears to be largely restricted to local circuit neurons (Sorvari et al., 1995; Mascagni et al., 

2009). However, substantial evidence across multiple species indicates that cortical PV Type 

I synapses originate from the thalamus (Freund et al., 1985; Freund et al., 1989; Jones and 

Hendry, 1989; Blümcke et al., 1991; DeFelipe and Jones, 1991; del Río and DeFelipe, 1994; 

Molinari et al., 1995; Jones, 1998b; Negyessy and Goldman-Rakic, 2005; Familtsev et al., 

2016). Thus, although the present study cannot definitively determine that these are 

exclusively thalamocortical synapses, substantial evidence supports this interpretation.

Three PV-containing thalamic nuclei project to the monkey DLPFC: MD, pulvinar, and 

ventral anterior (Jones and Hendry, 1989; Barbas et al., 1991; Munkle et al., 1999). The MD 

nucleus is the primary source of thalamic afferents into the DLPFC, and these exuberantly 

target the middle cortical layers, with sparse and rarely identified afferents in layers 2 – 

superficial 3 and layers 5 – 6 (Giguere and Goldman-Rakic, 1988; Barbas et al., 1991; 

McFarland and Haber, 2002; Erickson and Lewis, 2004; Negyessy and Goldman-Rakic, 

2005). Projections from the pulvinar predominately innervate the middle layers, but may 

have sparse projections located in DLPFC layer 1 (Barbas et al., 1991; Romanski et al., 

1997; Gutierrez et al., 2000). PV-containing projections from the ventral anterior nucleus 

predominately innervate middle and deep layers, but do have sparse projections located in 

layers 1- superficial 3 (Zikopoulos and Barbas, 2007). Together, these light microscopic 

studies indicate that the majority of PV-IR thalamocortical afferents to the monkey DLPFC 

target the middle laminar zone. Moreover, Type I synapses from the MD thalamus to the 

DLPFC have been identified in the middle laminar zone (Negyessy and Goldman-Rakic, 

2005), and two previous ultrastructural studies of the monkey DLPFC failed to find PV Type 

I synapses in the superficial laminar zone (Williams et al., 1992; Melchitzky et al., 1999). As 

such, we hypothesized that PV Type I synapses would be exclusively identified in the middle 

laminar zone of the human DLPFC. Unexpectedly, we found that ~40% of PV-IR axon 

terminals forming identifiable synapses in both the middle and superficial laminar zones 

were Type I.

Glausier et al. Page 9

J Comp Neurol. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PV-IR Type I synapses in the human DLPFC: laminar and ultrastructural properties

In the middle laminar zone, 39% of PV-IR synapses were Type I, and these targeted 

dendritic spines and shafts roughly equally (52% and 48%, respectively). These findings 

differ from those in the human temporal pole, where 81% of PV-IR axon terminals in the 

middle laminar zone formed Type I synapses, and these terminals appear to target spines 

more frequently than dendritic shafts (del Río and DeFelipe, 1994). These findings also 

contrast with those in the middle laminar zone of monkey DLPFC area 9 where 52% of PV-

IR axon terminals formed Type I synapses, and ~80% of these terminals targeted dendritic 

spines (Melchitzky et al., 1999). Finally, the current results also differ from the rat PFC 

where 98% of synapses from mediodorsal thalamocortical axon terminals targeted dendritic 

spines (Rotaru et al., 2005). In the human, 13% of the dendritic shafts receiving PV-IR Type 

I synapses were PV-IR, in agreement with previous qualitative findings in the monkey 

DLPFC (Melchitzky et al., 1999; Negyessy and Goldman-Rakic, 2005). However, this 

pattern of innervation is different from the rat PFC, where the majority of targeted dendritic 

shafts are PV-IR (Rotaru et al., 2005). Together, these comparisons suggest that 

thalamocortical inputs to the middle cortical layers can differentially regulate local 

pyramidal cells and interneurons across regions and species.

In the superficial laminar zone, 44% of PV-IR axon terminals forming identifiable synapses 

made Type I synapses, and these exclusively targeted dendritic spines. Thus, in the human 

DLPFC, putative PV thalamocortical synapses are present and prevalent across layers 2 – 4. 

Whether this finding represents a broader synaptic innervation zone of the MD thalamus, or 

if superficial layer synaptic inputs from the pulvinar and ventral anterior nucleus are more 

common in humans, remains to be determined. Interestingly, this finding contrasts with 

previous ultrastructural studies that did not observe PV-IR Type I synapses in the superficial 

laminar zone of monkey DLPFC area 9 (Melchitzky et al., 1999) or area 46 (Williams et al., 

1992), and with existing light microscopic studies of monkey DLPFC indicating sparse 

thalamocortical afferents in the superficial laminar zone comprising layers 2 – superficial 3 

(Giguere and Goldman-Rakic, 1988; Barbas et al., 1991; McFarland and Haber, 2002; 

Erickson and Lewis, 2004; Zikopoulos and Barbas, 2007). For example, ~20% of all ventral 

anterior thalamocortical afferent boutons in monkey DLPFC area 9 are located in the in the 

superficial laminar zone, and of those, only ~15% are PV-IR (Zikopoulos and Barbas, 2007). 

Thus, the existing data suggest that PV-IR thalamocortical inputs to the DLPFC differ across 

species, such that afferent axons are largely restricted to the middle laminar zone in monkey 

DLPFC, but PV-IR thalamocortical synapses in the human DLPFC extend across superficial 

and middle layers. Indeed, quantitative differences in putative thalamocortical inputs have 

been identified between human and non-human primate species in other cortical regions 

(Preuss et al., 1999; Preuss and Coleman, 2002; Garcia-Marin et al., 2013), including 

differences in the laminar distribution of presumed thalamic axonal boutons (Garcia-Marin 

et al., 2013).

The role of PV thalamocortical inputs

In sensory cortices, the middle laminar zone is innervated by “core” PV-IR neurons from 

anatomically defined first order thalamic nuclei, and these inputs are proposed to be 

“drivers” that relay requisite information for cortical functioning (Sherman and Guillery, 
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1996; Jones, 1998b, 2002). Thalamocortical inputs to superficial layers are proposed to be 

“modulators” that emerge from “matrix” neurons which span multiple thalamic nuclei, and 

express calbindin (CB) but not PV (Jones, 1998a; Sherman and Guillery, 1998; Guillery and 

Sherman, 2002). These thalamocortical inputs are thought to facilitate cortico-cortico 

communication and synchrony (Jones, 1998b, 2001). This pattern of input appears to be 

present in the monkey DLPFC (Zikopoulos and Barbas, 2007), suggesting that middle layer 

inputs from PV drivers and superficial inputs from CB modulators are also a convention of 

higher order thalamic relays to prefrontal regions. The similarities of PV-IR Type I synapses 

in the superficial and middle laminar zones of the human suggests, however, that 

quantifiable driver input from one or more thalamic nuclei is present outside of layers deep 3 

– 4 of the human DLPFC. While the role of PV driver synapses in the superficial laminar 

zone is unclear, they may reflect axon terminals from thalamocortical relay cells that receive 

distinct types of inputs (Mitchell, 2015; Sherman, 2016). For example, the majority of inputs 

to the thalamus arise from cortical layer 6 pyramidal cells, but some relay neurons also 

receive glutamatergic inputs from layer 5 pyramidal cells (Guillery and Sherman, 2002; 

Jones, 2002; Sherman, 2016). While layer 5 inputs are the minority, they appear to be 

“drivers” that transmit essential information from the cortex to the thalamus. Moreover, 

some higher order thalamic relay neurons can receive feedback driver inputs from layer 5 

pyramidal cells and/or feedforward driver inputs from subcortical structures (Groh et al., 

2014; Castejon et al., 2016; Sherman, 2016). Given that layers 2 – 3 are the site of 

substantial cortico-cortico communication, the PV-IR thalamocortical driver inputs to these 

layers may provide key feedback and/or feedforward information to pyramidal cell dendrites 

and spines present in the superficial laminar zone of the human DLPFC.

Species-specific PFC properties and human brain disease

Despite the evolutionary relatedness of human and non-human primates, humans display 

species-specific, higher-order functions partially attributable to the expanded PFC 

(Passingham, 2009; Preuss, 2011; Smaers et al., 2011; Sherwood et al., 2012; Molnar and 

Pollen, 2014; Vendetti and Bunge, 2014). Indeed, the current results add to a notable 

literature demonstrating differences between human and multiple species of non-human 

primates in PFC gene and protein expression (Caceres et al., 2003; Caceres et al., 2007; 

Konopka et al., 2012; Muntane et al., 2015), PFC anatomy (Semendeferi et al., 2001; 

Raghanti et al., 2008a, b, c; Raghanti et al., 2009; Semendeferi et al., 2011; Spocter et al., 

2012; Teffer et al., 2013; Raghanti et al., 2014), and PFC-mediated behaviors (reviewed in 

Passingham, 2009; Seed and Tomasello, 2010; Tomasello and Herrmann, 2010). For 

example, relative to a number of different non-human primate species, the human PFC has a 

protracted developmental period (reviewed in Clowry et al., 2010; Geschwind and Rakic, 

2013), larger spacing between neurons (Semendeferi et al., 2011; Teffer et al., 2013), and a 

distinctive epigenetic methylome pattern (Farcas et al., 2009; Shulha et al., 2012; Zeng et al., 

2012; Mendizabal et al., 2016). The uniqueness of the human PFC has been suggested to 

contribute to the apparent human specificity of certain neurodevelopmental psychiatric and 

neurological disorders, including autism spectrum disorder (Liu et al., 2016), schizophrenia 

(Ogawa and Vallender, 2014), and Alzheimer’s disease (Rosen et al., 2016). Indeed, the 

current results inform the interpretation of disease-state postmortem human tissue findings 

in the DLPFC. For example, a light microscopic analysis of PV-IR varicosities (presumptive 
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PV axon terminals) in the superficial and middle laminar zones of the DLPFC in subjects 

with schizophrenia showed a significant reduction in PV-IR varicosity density selectively 

within the middle laminar zone (Lewis et al., 2001). Based upon monkey and rodent studies 

showing MD thalamic input restricted to the middle layers of the DLPFC, these results were 

interpreted to reflect fewer thalamic inputs, and proposed to represent one possible 

mechanism underlying lower dendritic spine density in this laminar location, in 

schizophrenia (Glantz and Lewis, 2000; Lewis et al., 2001). However, the current results add 

to a growing body of literature (Hashimoto et al., 2003; Dorph-Petersen et al., 2004; 

Glausier et al., 2014; Enwright et al., 2016) suggesting that less PV immunoreactivity in the 

middle laminar zone reflects a laminar-specific deficit in local PV interneurons, and not 

fewer thalamocortical inputs, in schizophrenia. For example, the number of neurons in the 

MD thalamus is not altered in schizophrenia (Cullen et al., 2003; Dorph-Petersen et al., 

2004; Kreczmanski et al., 2007), and PV mRNA levels (from local PV interneurons) are 

lower selectively within the middle cortical layers of the DLPFC (Hashimoto et al., 2003; 

Chung et al., 2016). When considered with the present data that PV-IR Type I synapses are 

located throughout the superficial and middle layers, a more parsimonious interpretation is 

that fewer PV-IR varicosities in the middle layers of the DLPFC in schizophrenia likely 

reflects the reduction in PV protein within PV interneurons. Indeed, PV protein levels are 

lower in in PV somata (Enwright et al., 2016) and within local basket cell terminals in the 

middle layers of the DLPFC (Glausier et al., 2014).

In sum, the current data not only highlight the importance of including human brain tissue in 

comparative anatomical studies in order to assess how translatable findings are between 

species, but also provide design and interpretative value for anatomical and functional 

studies of human brain function in health and illness.
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Figure 1. Light micrographs of PV labeling in human DLPFC area 9
A: Representative PV labeling in layers 1 – 4. Brackets indicate the sampling regions for the 

superficial (layers 2 – superficial 3) and middle (layers deep 3 – 4) laminar zones. B: PV-IR 

basket (asterisk) and cartridge (arrows) formations in the superficial laminar zone. These 

inputs are characteristic of GABAergic basket and chandelier cells, respectively. C: PV-IR 

somata (arrowheads) in the superficial laminar zone. Note multiple punctated processes, 

some of which appear to be beaded dendrites and others may be varicose axons. D: PV-IR 

basket (asterisk) and cartridge (arrows) formations in the middle laminar zone. E: A PV-IR 

soma (arrowhead) in the middle laminar zone. In B-E, PV-IR puncta from unknown sources, 

in addition to those characteristic of interneurons, are prevalent throughout the neuropil. 

Scale bar is 300 μm for A, and 50 μm for B–E.
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Figure 2. Electron micrographs of PV labeling in human DLPFC area 9
A: PV-IR axon terminal (arrows) forming a Type I synapse (black arrowhead) with a large 

dendritic spine. Note the extensive spine apparatus (white asterisk). B: A PV-IR dendritic 

shaft (arrow) receiving two Type I synapses (black asterisks) from non-PV-IR, presumably 

glutamatergic, axon terminals. C: A rarely identified PV-IR dendritic spine (arrow) receiving 

a Type I synapse (black asterisk) from a non-PV-IR, presumably glutamatergic, axon 

terminal. D: A PV-IR axon terminal (top arrow) forming a Type II synapse (white 

arrowhead) with a small PV-IR dendritic profile (bottom arrow). The dendrite is also 

receiving two Type I synapses (asterisks) from non-PV-IR, presumably glutamatergic, axon 

terminals. Subsequent serial sections confirm these two Type I synapses are from two 

distinct axon terminals. E: A PV-IR axon terminal (black arrow) forming a Type II synapse 

(white arrowhead) with an axon initial segment. Note the dense undercoating in the axon 

initial segment (white arrows). F: A PV-IR en passant terminal (arrows). Note the myelin 

that surrounds the axon is absent around the terminal swelling, and the PV labeling is largely 

restricted to the terminal and proximal axon. Myelinated en passant axons are characteristic 

of inputs to DLPFC middle layers from the mediodorsal thalamus (Erickson and Lewis, 

2004). at- axon terminal, d- dendrite, s- spine. at- axon terminal, d- dendrite, ma- myelinated 

axon, s- spine. Scale bar is 500 nm for A-D and F, 975 nm for E, and 715 nm for F.
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Figure 3. Histograms showing the relative distribution of PV immunoreactivity across the 
neuropil
A: Distribution of PV immunoreactivity in the superficial laminar zone as revealed by two 

different PV antibodies. The distribution of PV-IR profiles does not differ between 

antibodies (p=0.3). B: Distribution of PV immunoreactivity in the superficial laminar zone 

as revealed by two different PV antibodies. The distribution of PV-IR profiles does not differ 

between antibodies (p=0.1). C: The distribution of PV-IR profiles from both antibodies was 

combined within a laminar zone. The types of neuronal profiles labeled for PV does not 

significantly differ between laminar zones (χ2 = 6.5, p =0.2).
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Figure 4. Serial sections of electron micrographs illustrating Type I PV synapses
A–C: A PV-IR axon terminal (arrows) in the superficial laminar zone forming a Type I 

synapse (black arrowhead) with an unlabeled dendritic spine that contains a spine apparatus 

(white asterisk). D–G: A PV-IR axon terminal (arrows) in the middle laminar zone forming 

a perforated Type I synapse (black arrowhead) with an unlabeled dendritic spine. Note the 

presence of a spine apparatus (white asterisk) in D–E. s- spine. Scale bar is 500 nm.
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Figure 5. Serial sections of electron micrographs illustrating Type II PV synapses
A–C: Two PV-IR axon terminals (arrows) in the superficial laminar zone forming Type II 

synapses (white arrowheads) with an unlabeled soma or very proximal dendrite. D–G: A 

PV-IR axon
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Table 3

Comparison of Type I and Type II PV Synapses in the Superficial and Middle Laminar Zones

Laminar Zone Synapse Type % of PV Synapses % of All Type I Synapses

Superficial
Type I 44% (n=21 of 48) 2.5% (n=21 of 829)

Type II 56% (n=27 of 48) --

Middle
Type I 39% (n=23 of 59) 3.1% (n=23 of 747)

Type II 61% (n=36 of 59) --
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